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ABSTRACT OF DISSERTATION

EXAMINATION OF SEX- AND INTENSITY-SPECIFIC FATIGUE DURING
BILATERAL LEG EXTENSION EXERCISE

The purposes of this study were to: 1) examine sex-related differences in the
performance of repetitions to failure below (CL-10%, CL-20%) and above (50%, 60%, 70%,
and 80% 1RM) the critical load (CL) to make inferences regarding the mechanisms
responsible for variability in the performance of repetitions to failure at varying loads; 2)
examine the time course of neuromuscular and muscle oxygen saturation responses during
the performance of repetitions to failure below and above the CL; 3) to make inferences
regarding motor unit activation strategies used to maintain force during the completion of
repetitions below and above the CL; 4) determine if there are differences in performance
fatigability during repetitions to failure performed below and above the CL; and 5) to use
performance fatigability, neuromuscular, and muscle oxygen saturation responses
observed below and above the CL to examine fatigue on an individual basis and determine
if the performance of repetitions to failure below the CL result in a lower degree of fatigueinduced changes compared to above the CL. Eleven women (22.1 ± 2.2 yr; 167.8 ± 5.9 cm;
68.4 ± 6.0 kg) and 10 men (23.8 ± 4.2 yr; 179.9 ± 4.6 cm; 81.8 ± 11.7 kg) completed a
1RM leg extension test, repetitions to failure at 50%, 60%, 70%, and 80% 1RM to
determine the CL (defined as the slope of the line of the load lifted [kg x repetitions
completed] vs. the repetitions completed), and repetitions to failure 10% below (CL-10%)
and 20% below (CL-20%) the CL. Immediately before and after each failure set, the subjects
performed a maximal voluntary contraction (MVC) for the assessment of performance
fatigability. During all visits, electromyographic (EMG) and mechanomyographic (MMG)
responses were measured from the vastus lateralis (VL), vastus medialis (VM), and rectus
femoris (RF) and muscle oxygen saturation (%SmO2) was measured from the VL of the
dominant limb. Statistical analyses consisted of four-, three-, and two-way mixed model
ANOVAs, with appropriate follow-up three-, two-, and one-way repeated measures or
mixed model ANOVAs, and paired and independent samples t-tests. Polynomial regression
and Student Newman-Keuls tests were used to determine the time course of changes among
the neuromuscular parameters and %SmO2. An alpha level of p ≤ 0.05 was considered
statistically significant. The men demonstrated greater absolute (kg) strength compared to
the women at all loads (p ≤ 0.05), but there was no difference in the relative (%1RM) load

corresponding to CL-10% or CL-20% between the sexes. The women completed more
repetitions to failure than the men at 50%, 60%, and 80% 1RM (p ≤ 0.044), but not at 70%
1RM, CL-10%, or CL-20% (p ≥ 0.085). There were no differences between the sexes in total
volume accumulation or time under tension (p ≥ 0.058). The women demonstrated less
performance fatigability than the men 70% 1RM (p = 0.039), but no difference in
performance fatigability for any other load (p ≥ 0.097). For both the men and the women,
performance fatigability was greater after performing repetitions to failure below the CL
compared to above the CL (p ≤ 0.039). For the women, muscle activation during the initial
10% of repetitions completed for the VL, VM, and RF was less than muscle activation
during the final 10% of repetitions completed (p ≤ 0.005). In addition, muscle activation
for the VM and RF during the initial 10% of repetitions completed below the CL was less
than above the CL (p ≤ 0.002), and for the RF, muscle activation during the final 10% of
repetitions completed above the CL was greater than below the CL (p ≤ 0.047). For the
men, muscle activation during the initial 10% of repetitions completed was less than the
final 10% of repetitions completed (p < 0.001) and muscle activation during the final 10%
of repetitions completed above the CL was greater than below the CL (p ≤ 0.006). For
%SmO2, all loads demonstrated quadratic or cubic decreases from baseline that were less
than the initial repetition from 20-100% of total repetitions completed. From 40-100% of
total repetitions completed, the %SmO2 was greater during repetitions completed below
the CL compared to above the CL. In addition, the women demonstrated greater %SmO2
than the men from 40-100% of total repetitions completed. There were similar increases in
EMG amplitude (AMP) and MMG AMP and decreases in MMG mean power frequency
(MPF) for the men and the women for all 3 muscles, indicating both sexes relied on either
the Onion Skin Scheme or Muscular Wisdom motor unit activation strategy for continued
force development. For EMG MPF, the men and women demonstrated similar responses
above the CL. Below the CL, the women demonstrated an earlier onset of fatigue-induced
decreases but were able to maintain repetitions to failure longer after the onset compared
to the men, indicating women may be less influenced by increases in metabolite
accumulation that decrease the EMG MPF signal. There were no sex-specific responses in
performance fatigability around the CL, but there were sex-specific responses in the
number of repetitions completed at all loads that suggested the women were more fatigueresistant at loads above and below the CL compared to the men. These findings allude to
variability in the mechanisms that cause fatigue at lower versus higher loads. Thus, the CL
may be a tool to investigate the “lowest” load that is required for adaptations in muscular
strength and neuromuscular adaptations to occur.
KEYWORDS: Critical load, resistance training, performance fatigability,
electromyography, muscle oxygen saturation
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CHAPTER 1. INTRODUCTION
Resistance training (RT) prescription for muscular strength and hypertrophy
adaptations typically includes lifting loads corresponding to 60-85% of the one-repetition
maximum (1RM) (103). However, both trained and untrained women self-select RT loads
equivalent to 56-57% 1RM (25,39), lower than the recommended guidelines. In addition,
clinical settings may use lower training loads, with or without blood flow occlusion, during
rehabilitation practices to develop and increase muscular strength after musculoskeletal
injuries when higher-load training is not feasible (52). Recently, researchers have examined
RT to failure at lower- and higher-loads (i.e., 30-50% 1RM and 75-90% 1RM, respectively)
and reported similar increases in hypertrophy (60,76,80,101), but equivalent (29,80) or
inferior (60,76,101) increases in strength for lower- compared to higher-loads. The
mechanisms underlying the disparity in adaptations at lower loads remain unclear, although
lower loads (30%) have been associated with lower levels of motor unit activation
compared to higher loads (80% 1RM) (58). For the mechanisms underlying strength during
lower-load training, the time under tension has been suggested as a greater stimulus than
total volume accumulation for increased strength when performing repetitions to failure
(29), while metabolite accumulation has also been speculated as a potential stimulus
(43,51,73). However, the total number of repetitions completed to failure at lower loads
(30-50% 1RM) is dependent on the muscle action (29,58) and varies widely (e.g., 24-79
repetitions at 30% 1RM for leg extension exercise) from subject to subject, compared to
those performed at higher loads (75-90% 1RM) (e.g., 6-14 repetitions at 80% 1RM for leg
extension exercise). Typically, RT is prescribed at a relative percentage of 1RM and does
not consider important factors related to submaximal performance capabilities such as
1

individual metabolic system capacities (e.g., phosphocreatine stores and intra- and extracellular buffering capacities) or muscle size (48). These factors dictate the total number of
repetitions an individual can complete and may alter the overall stimulus of the RT session.
It has been suggested that the number of repetitions an individual can complete at
a given submaximal intensity is, in part, related to alterations in local blood flow that may
limit energy reconstitution and byproduct removal (77). The load (% 1RM) at which
changes in local blood flow occur varies between individuals and may be sex-dependent,
due partially to differences in muscle size and occlusion pressures between men and
women (23,48). To this point, women have been reported to be more fatigue resistant (i.e.,
longer times or more repetitions to task failure) than men at lower loads (~20-30% maximal
strength capacity) (23,54,55,74,118). For higher loads (i.e., 50-80% maximal voluntary
contraction [MVC] force and 80-90% 1RM) and muscle actions performed under arterial
occlusion, however, authors have reported no sex-related difference in the time to task
failure or the number of repetitions completed during isometric muscle actions of leg
extensors and forearm flexors, or during dynamic constant external resistance (DCER)
forearm flexion (23,74,118). Interestingly, men and women have demonstrated similar
levels of performance fatigability (the acute decline in an objective measure of
performance) for isometric forearm flexion performed to failure at a lower load (20% MVC
force; men: -39.3 ± 6.5%; women: -34.3 ± 6.5% MVC force) (55), but greater levels of
performance fatigability were reported for men (-23.8% MVC torque) compared to women
(-18.5% MVC torque) for isokinetic forearm flexion muscle actions performed to failure
at 65% MVC torque (50). The range in responses for men and women across intensities for
time to task failure and performance fatigability may dictate the nature and magnitude of
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responses to RT and may, in part, explain some of the variability previously reported for
lower- versus higher-load RT. Thus, these sex- and intensity-dependent manifestations of
fatigue indicate a need for the examination of acute responses to resistance exercise across
the intensity spectrum, with consideration of individual fatigue characteristics.
A critical threshold (CT) has been identified that may reflect an intensity that could
be used to examine fatigue on an individual basis. The CT has been hypothesized to reflect
the point of compromised blood flow in the working muscle(s) and typically occurs
between 15 and 40% of maximal capacity, depending on the muscle action (isometric,
intermittent isometric, and dynamic) (20,30,31,77). Specifically, the CT for intermittent
isometric muscle actions corresponded to 40% of MVC, while the CT was equal to 14%
MVC for continuous isometric muscle actions (77). Theoretically, the CT reflects the
highest rate of sustainable work for dynamic, whole body exercises (cycling, running) as
well as isometric, intermittent isometric, and dynamic, local muscle actions (53,77,78) and
may demarcate unique mechanisms underlying muscle fatigue (20,77,78). It has been
suggested that central factors (e.g., decreased voluntary activation) may be the predominant
mechanism underlying failure for muscle actions performed below the CT, while
peripheral factors that temporarily interfere with the skeletal muscle contractile
mechanisms (e.g., metabolic byproduct accumulation) dictate failure during fatiguing
muscle actions above the CT (20,114). The degree of these fatigue-induced changes (e.g.,
increased motor unit activation and performance fatigability) has been shown to be
intensity-dependent and has previously been demonstrated to vary for the performance of
repetitions to failure above and below the CT (20). Specifically, for fatiguing, intermittent
isometric muscle actions performed above the CT, the post-test MVC torque (immediately
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following task failure) was significantly lower than pre-test MVC torque and equal to the
target torque of the repetitions performed, which indicated a high degree of performance
fatigability (20). This was also associated with significant increases in motor unit activation
over time (20). In contrast, when performed below the CT, the post-test MVC torque was
lower than the pre-test MVC torque but was significantly greater than the target torque of
the repetitions to failure and motor unit activation remained relatively unchanged over time
(20). Thus, fatiguing muscle actions performed above and below the CT may reflect
specific neuromuscular responses that differentiate peripheral from central factors of
fatigue. These specific mechanisms underlying fatigue for work performed above or below
the CT may dictate the nature and magnitude of adaptations to RT programs. It is possible
that some of the variability in responses previously reported (29,60,76,80,101) for lowerload training ( 50% MVC or 1RM) is related to the variability in the relative intensity the
CT occurs and whether the repetitions are performed above or below this threshold. The
examination of motor unit activation, performance fatigability, and blood flow during
repetitions to failure at lower- and higher-loads, below and above the CT, may elucidate
potential mechanisms underlying the sex- and intensity-dependent responses that have
previously been reported.
Previously, investigators have used surface electromyography (EMG) and
mechanomyography

(MMG)

signals

to

noninvasively

manifestations of fatigue (8,106,107,108,109).

examine

neuromuscular

Specifically, examining the time

(amplitude [AMP]) and frequency (mean power frequency [MPF]) domains of the EMG
and MMG signals during fatiguing muscle actions allows for the identification of changes
in motor unit activation, which reflects both motor unit recruitment and motor unit firing

4

rate (EMG AMP), motor unit recruitment (MMG AMP), and the global motor unit firing
rate (MMG MPF) (14,15,82). Furthermore, the development of peripheral fatigue from
sustained work is associated with an accumulation of metabolic byproducts (i.e., hydrogen
ions, inorganic phosphate, ammonia, etc.) and subsequent decreases in the motor unit
action potential conduction velocity along the sarcolemma, which are reflected by a
decrease in EMG MPF (14). During lower- (i.e., 30% 1RM) versus higher- (i.e., 80% 1RM)
load DCER dumbbell forearm flexion exercise, investigators have reported linear increases
in EMG AMP during repetitions performed to failure at 30% 1RM, but no change across
repetitions when performed at 80% 1RM, suggesting motor unit activation started and
remained near maximal levels during higher-load RT (59). In contrast, during DCER leg
extension exercise, EMG AMP was significantly greater during repetitions performed to
failure at 80% 1RM compared to 30% 1RM, while EMG MPF was significantly lower and
decreased to a greater degree during repetitions performed at 30% 1RM compared to 80%
1RM (58). This likely reflected greater motor unit activation (EMG AMP) during
repetitions performed to failure at 80% 1RM and greater metabolite accumulation affecting
the EMG MPF signal at 30% 1RM during fatiguing leg extension exercise. Collectively,
findings from these studies indicated muscle- and intensity-specific neuromuscular
responses during fatiguing DCER exercise. Currently, however, limited evidence is
available to describe neuromuscular responses to fatiguing muscle actions on an individual
basis, relative to the CT, in DCER exercise.
Recently, using the combination of polynomial regression, an analysis of variance,
and Student Newman-Keuls post-hoc, authors were able to make inferences regarding the
specific motor unit activation strategy used to maintain force production by identifying the
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specific timepoint in the onset of fatigue-induced changes in the EMG and MMG signals
that occur during fatiguing muscle actions (8,109). Specifically, there are three proposed
motor unit activation strategies used to explain the maintenance of force across various
modes and intensities of fatiguing muscle actions: The Onion Skin Scheme (24,27,28),
Muscular Wisdom (72), and the Afterhyperpolarization theory (35). The Onion Skin
Scheme is characterized by increases in EMG AMP (muscle activation), increases in MMG
AMP (motor unit recruitment), and decreases in MMG MPF (global motor unit firing rate)
that reflect the recruitment of higher threshold motor units with inherently lower firing
rates than those of previously recruited motor units (24,27,28). The Muscular Wisdom
theory also explains the maintenance in force production during fatiguing tasks by
increases in muscle activation and motor unit recruitment (EMG AMP and MMG AMP,
respectively), and decreases in MMG MPF that reflect a decrease in the global motor unit
firing rate. According to the Muscular Wisdom theory, during a fatiguing task there is a
synchronization of motor unit firing rates and a fusion of the twitch response as a result of
increases in relaxation time and lower firing rates of newly recruited motor units (72).
Finally, the Afterhyperpolarization theory is characterized by increases in EMG AMP
(muscle activation), MMG AMP (motor unit recruitment), and MMG MPF (global motor
unit firing rate). Specifically, during fatiguing tasks, this theory suggests the fatigueinduced changes in neuromuscular responses are due to increases in metabolite
accumulation, as well as shifts in potassium from intracellular to extracellular that signal
the CNS to increase activation, recruitment, and firing rate of motor units to maintain force
production (35).

6

Investigators have used the post-hoc Student Newman-Keuls analyses to describe
the time course of changes in EMG and MMG signals and make inferences regarding the
motor unit activation strategies used to maintain force for fatiguing isometric and isokinetic
exercise. For example, during the performance of 50, moderate load (60% MVC)
intermittent isometric muscle actions of the leg extensors, authors reported quadratic
increases and decreases in EMG AMP and EMG MPF, respectively, and linear increases
and decreases in MMG AMP and MMG MPF, respectively, in the vastus lateralis (VL)
(109). Specifically, fatigue-induced changes in EMG AMP and MMG AMP increased from
the initial repetition from repetitions 5-50, while the fatigue-induced changes in EMG MPF
and MMG MPF decreased from the initial repetition from repetitions 20-50 (109). In
addition, authors have reported muscle-specific responses to fatigue for the VL, vastus
medialis (VM), and rectus femoris (RF) that demonstrated similar patterns of responses in
EMG AMP, EMG MPF, MMG AMP, and MMG MPF, but different onsets in the fatigueinduced changes of the neuromuscular parameters during the performance of 25, maximal
isokinetic muscle actions of the leg extensors (107). Based on the patterns of responses
observed, as well as the timepoint in the onset of fatigue-induced changes, the authors
concluded the Onion Skin Scheme or Muscular Wisdom best reflected the motor unit
activation strategy used to maintain force production during fatiguing tasks (107,109).
Thus, the examination of the EMG and MMG signals combined with regression and posthoc Student Newman-Keuls analyses can provide insight on the specific motor unit
activation strategies that may be used to further delineate neuromuscular mechanisms of
fatigue.

7

It has been hypothesized the mode- and intensity-specific neuromuscular responses
previously reported (107,109) may be related to changes in blood flow within the working
muscle that dictate the rate of metabolic byproduct clearance (77). For RT, blood flow
during exercise and post-exercise hyperemia are dependent on the load and duration the
resistance exercise is performed (87). Previously, it has been suggested the CT may reflect
the point of compromised local blood flow, with the ability to perform more work when
the CT occurs at a higher percent of maximum effort (77). Thus, it is necessary to identify
whether the CT reflects the point of compromised local blood flow by indirectly examining
blood flow via changes in muscle oxygen saturation, as well as any sex-dependent
responses in muscle oxygen saturation at lower- and higher-loads that may dictate
performance fatigability in men and women. Recently, a portable near-infrared
spectroscopy (NIRS) device has been developed to examine changes in skeletal muscle
oxygen saturation (SmO2 [%]) during dynamic exercises (75). This device provides a
measure of oxygen-dependent absorption of hemoglobin within the blood vessels and
myoglobin within the muscle (75), which can give insight into the metabolic state of the
working muscle and the point where blood flow and oxygen delivery are compromised.
During incremental cycling bouts as well as during isometric muscle actions of the leg
extensors, authors have reported decreases in %SmO2 as exercise progresses, indicating an
increase in oxygen extraction at the muscle level (26,75). Furthermore, investigators have
reported there may be sex-related differences in the metabolic capacities of muscle (48).
Thus, measuring muscle oxygen saturation at lower- and higher-loads, above and below
the CT, when a DCER exercise is performed to failure may provide an indirect measure of
the metabolic state of the muscle and offer insights on the mechanisms contributing to
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intensity- and sex-dependent responses in performance fatigability and manifestations of
neuromuscular fatigue at various loads.
Currently, evidence of the mode-, intensity-, and sex-specific responses to fatigue
are limited primarily to isometric and isokinetic exercise, however, RT is more commonly
prescribed for DCER exercise. In addition, present RT recommendations do not consider
submaximal performance capabilities for prescription. Thus, there is a need to further
examine these responses, relative to the CT, in DCER exercise. Recently, the CT model
has been applied to DCER exercises including the bench press (79), deadlift (31), and leg
extension (30) to identify the critical load (CL). The CL reflects the asymptote of the load
versus repetitions relationship and is estimated from the slope of the linear total work
versus repetitions relationship for DCER exercise (Figure 1). The average CL estimates
derived from this modeling are typically between 30-40% 1RM (29,30), with individual
values ranging from 29% to 45% 1RM (31). Additionally, women (41 ± 2% 1RM; 58 ± 12
repetitions) have demonstrated a higher relative CL and completed more repetitions to
failure than men (37 ± 6% 1RM; 45 ± 14 repetitions) for the deadlift (32), but not the leg
extension (women: 26 ± 4% 1RM, 59 ± 25 repetitions; men: 27 ± 5% 1RM, 61 ± 24
repetitions) (33). Previously, authors have suggested the CL is mode- and intensityspecific, with whole body exercise such as cycling resulting in greater performance
fatigability as exercise intensity increased above the CL, but no difference in performance
fatigability when exercise intensity increased above the CL during lower body single-limb
leg extension exercise (114). In addition, DCER RT interventions that employed lifting
lower loads (~30% 1RM) to failure resulted in increases or no change in maximal strength
after 6-12 weeks of training (29,60,76,80,101). It is possible the disparity of strength

9

adaptations was related to RT performed below the CL for some of the subjects. That is,
the lower levels of motor unit activation and performance fatigability previously reported
(20) for exercise below the CL may diminish the ability to maximally stimulate the
neuromuscular and metabolic responses associated with peripheral fatigue that dictate the
adaptations observed after RT above the CL. Therefore, the examination of neuromuscular
responses during repetitions performed to failure at loads below and above the CL may
better inform the expected fatigue characteristics and potential stimuli to promote maximal
neuromuscular and strength adaptations.
Fatigue is muscle-, intensity-, and task-specific (114), and has been utilized to
examine sex-related differences in performance for various modalities of exercise
performed under a range of loads (57). However, it is unclear what mechanisms dictate
performance fatigability between men and women at lower and higher loads during DCER
exercise. Therefore, the simultaneous assessment of neuromuscular responses and muscle
oxygen saturation will provide important information regarding the mechanisms
underlying fatigue at lower- and higher-loads. In addition, a CT (i.e., CL) exists that
identifies an individual fatigue threshold, and may influence RT responses above and
below the threshold, including neuromuscular adaptations and metabolite clearance from
the muscle (30,77). This has important implications for RT prescription as the examination
of fatiguing muscle actions below (CL-10%, CL-20%) and above (50%, 60%, 70%, and 80%
1RM) the CL may provide insights into the highest load required to maximize adaptations
from DCER exercise. In addition, while motor unit activation and performance fatigability
have been examined during fatiguing, intermittent isometric muscle actions, this
phenomenon has not yet been examined during DCER exercises. Therefore, the purposes
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of this study were to: 1) examine sex-related differences in performance fatigability,
muscle activation, and muscle oxygen saturation during the performance of repetitions to
failure below (CL-10%, CL-20%) and above (50%, 60%, 70%, and 80% 1RM) the CL; 2)
examine the time course of neuromuscular and muscle oxygen saturation responses during
the performance of repetitions to failure below (CL-10%, CL-20%) and above (50%, 60%,
70%, and 80% 1RM) the CL for the men and women; 3) to make inferences regarding
motor unit activation strategies used to maintain force during the completion of repetitions
below (CL-10%, CL-20%) and above (50%, 60%, 70%, and 80% 1RM) the CL for the men
and women; 4) to use performance fatigability, muscle activation, and muscle oxygen
saturation responses observed below (CL-10%, CL-20%) and above (50%, 60%, 70%, and
80% 1RM) the CL to examine fatigue on an individual basis and determine if the
performance of repetitions to failure below the CL result in a lower degree of fatigueinduced changes compared to above the CL; and 5) to make inferences regarding the
mechanisms that explain variability in previously reported lower- versus higher-load
training outcomes. Based on previous studies (20,23,30,74,118), we hypothesized there
would be: 1) a higher fatigue-resistance in women when repetitions were performed below
the CL, but no sex-related difference in fatigue-resistance when repetitions were performed
above the CL; 2) similar motor unit activation strategies utilized during performance below
and above the CL in the men and the women; 3) lower levels of performance fatigability
observed when repetitions were performed to failure below the CL compared to above the
CL; and 4) greater fatigue-induced changes in muscle activation, motor unit recruitment,
and muscle oxygen saturation responses when DCER exercise was performed above
compared to below the CL.
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A

Load (kg)

Repetitions Completed =

𝒚−𝒊𝒏𝒕𝒆𝒓𝒄𝒆𝒑𝒕
(𝒓𝒆𝒔𝒊𝒔𝒕𝒂𝒏𝒄𝒆−𝑪𝑳)

Critical Load
(CL)

B

Total Work
(Load [kg] x
Repetitions)
Total Work (weight [kg] x reps) = a +
b(reps)

a = y-intercept
b = critical load (CL)

Repetitions
Completed
Figure 1. A) Theoretically, the critical load (CL) represents a
performance threshold for resistance exercises, where repetitions
performed to failure below the CL would not compromise blood flow
and allow repetitions to be performed for longer duration. Repetitions
can be predicted for any load ≥ CL from the hyperbolic relationship,
repetitions = y-intercept / (load – CL). B) The relationship between total
work and repetitions completed is described by the linear equation total
work = a + b(repetitions), where a is the y-intercept and b is the CL.
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CHAPTER 2. REVIEW OF LITERATURE
Development of the Critical Threshold Model
Monod and Scherrer, 1965 (77)

This study identified a critical threshold for local muscular work (< 1/3 of whole
muscle mass) for continuous and intermittent static muscle actions, as well as dynamic
muscle actions. Specifically, the subjects in this study performed three separate fatiguing
tasks of varying intensities to exhaustion. Time to exhaustion (Tlim) was plotted against
total work (Wlim = power output [P] x Tlim) to derive a linear relationship (Wlim = a + b x
Tlim) where the slope of the line (b) was defined as the critical power (CP) and the yintercept (a) as the anaerobic work capacity (AWC). The authors determined that,
theoretically, the CP represented a power output that could be maintained indefinitely,
without fatigue, while the AWC represented the total amount of work that could be
performed above the CP using only stored energy sources within the working muscle (i.e.,
phosphocreatine, adenosine triphosphate, glycogen, and oxygen bound to myoglobin). The
authors were also able to estimate the time to exhaustion for muscle actions performed at
𝑎

any power output above the CP using the equation: Tlim = 𝑃−𝑏.

Moritani et al., 1981 (78)

This study applied the critical power (CP) model to whole-body dynamic exercise.
Eight men (age: 20-33 yrs) and eight women (age: 18-24 yrs) completed three cycling bouts
at a constant power output (P) of varying intensities (men: 400, 350, 300, 275 W; women:

300, 250, 200, 175 W) until the desired pedaling cadence (60 rpm) could no longer be
maintained. In addition, two subjects completed the same CP protocol previously described
while breathing lower concentrations of oxygen to test the hypothesis that CP was
dependent on the availability of oxygen. To derive CP, time to exhaustion (Tlim) was plotted
against total work (Wlim = P x Tlim) to derive the linear relationship Wlim = a + b x Tlim,
where the slope of the line was defined as CP, and the y-intercept as the anaerobic work
capacity (AWC). There was a highly linear relationship between Wlim and Tlim (r2 = 0.9820.998, p < 0.01), as well as significant correlations between the anaerobic threshold at 𝑉̇ O2
and CP (r = 0.907, p < 0.01), anaerobic threshold at 𝑉̇ O2 and CP at 𝑉̇ O2 (r = 0.927, p <
0.01), and between 𝑉̇ O2max and CP (r = 0.870, p < 0.01). Furthermore, the authors reported
decreases in CP but no change in AWC when the subjects performed CP tests to exhaustion
under hypoxic conditions. The authors concluded there is a highly linear relationship
between Wlim and Tlim, where the slope of the relationship was identified as CP and is
dependent on oxygen supply to the muscle. In addition, the authors were able to predict
𝑎

times to exhaustion for any power output above CP using the equation Tlim = (𝑃−𝑏), and
suggested that any power output below the CP could be maintained indefinitely as the rate
of energy reconstitution as well as the energy reserves (i.e., AWC) would not be depleted.

Hendrix et al., 2009 (46)

Two linear, two nonlinear, and one exponential model exist to estimate the critical
threshold parameters. Therefore, the purpose of this study was to examine the differences
in estimates of critical torque (CT) and anaerobic work capacity (AWC) between 5
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different mathematical models, as well as compare the estimated time to exhaustion (Tlim)
values from the 5 different CT models. Nine subjects (4 men and 5 women; age: 21.6 ± 1.2
yrs; height: 169.3 ± 15.3 cm; body mass: 67.9 ± 19.2 kg) completed a maximal voluntary
contraction (MVC) followed by fatiguing muscle actions of the leg extensors at 30%, 45%,
60%, and 75% MVC, on separate days, in a random order. The CT and AWC were then
estimated from the following 5 models:

Linear total work model (Lin-TW) was derived from the linear relationship between
total work completed (Wlim = torque x Tlim) and Tlim: Wlim = AWC + CT(Tlim).

The linear torque model (Lin-1/Tlim) was derived from the Lin-TW model by
solving for torque using the Wlim (Wlim = torque x Tlim) and Lin-TW equations: torque x
1

Tlim = AWC + CT(Tlim) which yields torque = AWC (𝑇𝑙𝑖𝑚) + CT.

The Nonlinear-2 parameter model (Non2) assumes that the relationship between
torque and Tlim is not linear and is derived from the Lin-1/Tlim model by solving for Tlim:
Tlim = AWC / (torque – CT).

The Nonlinear-3 parameter model (Non3) adds a third component, maximal
instantaneous torque (torquemax), to the Non2 model, which assumes that there is a maximal
torque one can achieve as Tlim approaches zero. Thus, the Non3 equation is: Tlim = (AWC
/ (torque – CT)) – (AWC / (torquemax – CT)).
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The final model, the exponential model (EXP) includes the torquemax parameter and
an undefined time constant (τ). However, the EXP model does not provide an estimate of
AWC: torque = CT + (torquemax – CT) (-Tlim/τ).

All five mathematical models provided goodness of fit values ranging from 0.7071.000. The EXP model provided the highest estimate of CT and the CT estimate from the
EXP model was significantly greater than those from all other models. However, there was
no difference in the CT or AWC estimates between the linear or nonlinear models.
Furthermore, the estimated Tlim values from each of the 5 mathematical models indicated
the muscle action could be maintained for less than 17 minutes. The authors concluded
both the linear and nonlinear models could be applied to isometric muscle actions of the
leg extensors; however, the CT value may be overestimated due to the shorter time duration
the contraction could be held.

Burnley et al., 2012 (20)

The purpose of this study was to examine the development of neuromuscular
fatigue during the performance of fatiguing, intermittent isometric muscle actions of the
leg extensors above and below the critical torque (CT). Nine men (age: 28 ± 7 yrs; height:
183 ± 7 cm; body mass: 83.4 ± 19.6 kg) completed this study. During visit 1, the subjects
completed a familiarization trial of the study procedures by practicing maximal voluntary
contractions (MVC) with and without electrical doublet stimulation, as well as sustained
submaximal MVCs. During visit 2, the subjects completed 3 MVCs, where the MVC with
the highest torque was designated as peak torque and used to derive the target torques for
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the determination of CT (visits 2-6), as well as the completion of intermittent, isometric (3s on, 2-s off) muscle actions to failure at 50% of the peak MVC. During visits 3-6, the
subjects completed intermittent, isometric muscle actions to failure at target torques that
would result in times to exhaustion between 2 and 15 min (38 ± 2% to 55 ± 2% MVC).
The CT (34 ± 2%) was derived from the work completed during visits 2-6 and defined as
the slope of the relationship between torque and total contraction time. During visits 7-8,
the subjects completed intermittent, isometric fatiguing muscle actions to failure 10% (CT10%

= 31 ± 2% MVC) and 20% (CT-20% = 29 ± 2% MVC) below the CT. During the

fatiguing tasks on visits 2-8, the subjects completed an MVC coupled with electrical
doublet stimulation (to determine voluntary activation) at the end of each minute during
the fatiguing tasks, as well as an MVC immediately after task failure. In addition, surface
electromyography (EMG) signals were collected from the vastus lateralis of the right limb
during all visits. Global, peripheral, and central fatigue were measured from the voluntary
torque produced, potentiated doublet, and voluntary activation, respectively, by examining
the change in the variables from the first contraction to the final MVC during the fatiguing
tasks. During fatiguing muscle actions performed at torques above the CT, there were
significant decreases in MVC torque at task failure that were not different from the target
torque during the submaximal trials. When performed below CT, however, the MVC
torque at task failure was greater than the target submaximal torque. In addition, there was
evidence of both peripheral and central fatigue, as there were reductions in the doublet
torque (peripheral) as well as voluntary activation but the rate of fatigue development for
these variables was greater during fatiguing muscle actions performed above CT compared
to below. Furthermore, during muscle actions performed above CT, the EMG increased

17

progressively throughout the trials, and at task failure was not different than the EMG
produced during the final MVC, suggesting maximal muscle activation. In contrast, during
fatiguing muscle actions performed below CT, the EMG at the beginning of the task and
at task failure were not different, and the EMG during the final MVC was significantly
greater than that at task failure, indicating a reserve in muscle activity. The authors
concluded that the CT may represent a neuromuscular fatigue threshold, where exercise
performed below the CT results in a slow development of fatigue and both torque and
neuromuscular activity reserve. Conversely, exercise performed above CT results in
maximal motor unit activation and a quicker onset of fatigue development.

Morton et al., 2014 (79)

The purpose of this study was to apply the original 2-parameter critical power (CP)
model to a resistance exercise, the bench press, by utilizing a nonlinear 3-parameter model
that accounts for the maximal instantaneous power that can be achieved by an individual.
Sixteen resistance-trained men (age: 21.7 ± 0.5 yrs; height: 180.2 ± 6.4 cm; body mass:
87.0 ± 9.9 kg) completed one-repetition maximum (1RM) testing on day 1, followed by
bench press repetitions to failure on days 2-4 at a weight that would allow for the
completion of 3-10 repetitions (heaviest weight), 10-20 repetitions, 21-40 repetitions, and
41+ repetitions (lightest weight), in a random order. All repetitions were performed to a
metronome that allowed for the completion of one repetition every 3 sec (1.5 sec eccentric
phase, 1.5 sec concentric phase) to reduce the anterio-stretch reflex and barbell velocity
from impacting the number of repetitions that could be completed. The authors used a curve
fitting software (SigmaPlot) and the following nonlinear, 3-parameter model to derive
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estimates of the critical lift (CL): n = ALC/(m – CL) + k where n is the number of
repetitions completed to failure, ALC is the anaerobic lift capacity (total lifting capacity
that could be completed using only anaerobic energy stores), m is the weight lifted (kg),
CL represents the critical lift (the weight that could, theoretically, be completed for an
indefinite number of repetitions without fatigue occurring), and k is the negative asymptote
of the curve representing the theoretical upper boundary of the total weight an individual
could lift. Based on this model, the 3-parameter model yielded goodness of fit values
ranging from 0.6698-0.9999, indicating the 3-parameter model can be applied to an upper
body resistance training movement. However, for measurements of CL, 12 out of 16
subjects demonstrated a CL equal to zero kg, while only 4 of the 16 subjects had estimates
greater than zero kg (range: 0.8-15.4 kg). In addition, the parameter k resulted in a value
significantly greater than the 1RM value the subjects achieved during testing. Based on the
goodness of fit values and CL estimates, the authors concluded the 3-parameter modelling
could be utilized for estimates of CL for resistance exercises. However, since the proxy to
CL for dynamic exercises reflects the aerobic component of exercise, the authors stated the
zero values for 75% of subjects may indicate the seemingly negligible aerobic component
of resistance exercises, specifically the bench press. Finally, although very low estimates
of CL and high estimates of the maximal lift (k) were reported, the authors suggested the
nonlinear, 3-parameter model could be used to 1) predict the number of repetitions
completed to failure at various intensities, 2) predict the 1RM, and 3) estimate the aerobic,
anaerobic, and maximal lift capacity of individuals.
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Dinyer et al., 2019 (31)

This study examined the applicability of the 2-parameter linear model proposed by
Monod and Scherrer (77) to a full body, resistance training movement to estimate the
critical resistance (CR; the highest sustainable resistance that could be lifted for an
indefinite number of repetitions). Six men (age: 24.3 ± 6.3 yrs; height: 174.3 ± 5.6 cm;
body mass: 84.8 ± 10.9 kg) and six women (age: 29.0 ± 8.6 yrs; height: 166.5 ± 7.4 cm;
body mass: 69.6 ± 6.4 kg) completed one-repetition maximum (1RM) testing for the
deadlift. The subjects then completed repetitions to failure at loads corresponding to 50%,
60%, 70%, and 80% 1RM, on separate days, in a random order. The CR was estimated
from the slope of the relationship between total work completed (repetitions x load [kg] x
distance traveled [m]) and total distance (m) the barbell traveled. On the final visit, the
subjects completed repetitions to failure at their estimated CR. The repetitions were
completed to a metronome corresponding to 1.3 seconds for both concentric and eccentric
phases. The relationship between total work and total distance traveled resulted in goodness
of fit values ranging from 0.864-0.989. The average CR estimates ranged from 29-79 kg
(29-45% 1RM), and the subjects were able to complete 49 ± 13 repetitions at their
estimated CR. The authors concluded the 2-parameter linear model originally proposed for
isometric and intermittent-isometric exercise could be applied to a full body resistance
training movement. In addition, the CR estimate provided by the model resulted in a value
that would allow for the number of repetitions that could be completed to be close to the
range suggested for muscle endurance training prescription. Unlike the original CP model,
however, the CR model was not able to accurately predict the number of repetitions to
failure that could be completed at lower (50% 1RM) or higher (80% 1RM) intensities.
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Thus, it was suggested the 2-parameter model could be used to accurately estimate a
resistance that could be sustained for an extended number of repetitions, but may not
provide accurate predictions of the number of repetitions that could be completed at
intensities above the CR.

Summary

The critical threshold modeling has been applied to isometric, intermittentisometric, dynamic constant external resistance exercise, and whole-body dynamic
movements (20,31,46,77,78,79). Plotting total work completed against total time to
exhaustion (or repetitions completed) results in a linear relationship Wlim = a + b x Tlim,
where b represents the critical threshold and reflects an intensity that can be maintained for
an extended period of time and is related to circulatory conditions of the working muscle.
The parameter a represents the total amount of work that can be performed using only
stored energy sources (77,78). Furthermore, nonlinear modeling has also been applied to
the critical torque and critical load estimates, resulting in favorable goodness of fit values
(r = 0.668-1.000) for both exercise modalities (46,80). Authors have postulated the critical
threshold may demarcate the point of compromised blood flow and maximal motor unit
activation (20,77), which may reflect distinct fatigue responses when exercise is performed
above or below the threshold. Thus, the critical threshold provides a unique measurement
of the highest sustainable intensity (i.e., force, power, torque, or resistance) that can be
maintained for an extended time that may reflect the circulatory conditions of the active
muscle mass.
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Physiological Responses to Fatiguing Muscle Actions
2.1.1

Electromyography and Mechanomyography Uses in Dynamic Muscle
Actions
2.1.1.1 Electromyography and Mechanomyography

There are distinct neuromuscular and metabolic responses during fatiguing muscle
actions that may be reflected by the time (amplitude [AMP]) and frequency (mean power
frequency [MPF]) domains of the electromyographic (EMG) and mechanomyographic
(MMG) signals as well as changes in muscle oxygen saturation levels (14,15,20,30).
Specifically, fatigue-induced changes in the time domain of the EMG signal are
characterized by an increase in the voltage signal amplitude (mV) within the time domain
that reflect the recruitment of additional muscle fibers, increased firing rates, and/or
synchronization (14). Within the frequency domain, the appearance of fatigue is associated
with a decrease in action potential conduction velocities and a decline in EMG MPF (14).
The amplitude of the MMG signal reflects motor unit recruitment and the frequency
domain provides qualitative information regarding the global firing rate of the unfused
activated motor units (15). It has been suggested (15,82) that the fatigue-induced
recruitment of additional motor units can increase the MMG AMP and MPF responses,
while reductions in firing rate can decrease these responses. Thus, the EMG and MMG
signals provide non-invasive tools to assess the motor unit activation strategies during
dynamic exercise.

2.1.1.2 Motor Unit Activation Strategies
Three motor unit activation strategies exist to explain the fatigue-induced changes
in neuromuscular (EMG and MMG, AMP and MPF) responses during fatiguing muscle
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actions. Specifically, the Onion Skin Scheme, Muscular Wisdom, and the
Afterhyperpolarization theory propose there are fatigue-related changes in the
neuromuscular parameters that are characterized by different physiological mechanisms to
allow for the continuation of force development during the fatiguing muscle actions
(24,27,28,35,72). The Onion Skin Scheme is characterized by increases in the EMG AMP
(muscle activation) and MMG AMP (motor unit recruitment) and decreases in MMG MPF
(global motor unit firing rate) (24,27,28). Authors hypothesized the simultaneous increases
in EMG and MMG AMP and decreases in MMG MPF are due to the recruitment of higher
threshold motor units (increases in EMG AMP and MMG AMP) that have lower motor
unit firing rates (decreases in MMG MPF) (24,27,28). Furthermore, authors reported MMG
MPF represents the average global motor unit firing rate, as there may be competing
influences due to the recruitment of higher threshold motor units with lower firing rates
along with the increase in firing rate of previously recruited motor units (24,27,28).
Muscular Wisdom is also characterized by increases in the EMG AMP and MMG AMP
and decreases in MMG MPF (72). However, Muscular Wisdom explains that the decreases
in MMG MPF arise from an increase in the relaxation time of the motor units as well as
lower firing rates of newly recruited motor units, which leads to greater twitch fusion of
the muscle as well as economical activation of previously recruited motor units (72).
Finally, the Afterhyperpolarization theory is characterized by increases in EMG AMP,
MMG AMP, and MMG MPF (35). The increases observed in all three neuromuscular
parameters in the Afterhyperpolarization theory are suggested to occur due to increases in
metabolite accumulation and the shift in intracellular potassium outside of the cell which
leads to greater after-hyperpolarization during muscle contraction (35). Following this
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shift, the central nervous system then increases both motor unit recruitment (increases in
EMG AMP and MMG AMP), as well as the firing rate of previously recruited motor units
(MMG MPF) to maintain force production during fatiguing muscle actions (35). These
motor unit activation strategies have previously been used to explain the ability to continue
muscle actions after fatigue-induced changes in the muscle have occurred
(8,106,107,108,109).

2.1.2

Neuromuscular Responses During the Performance of Fatiguing Muscle
Actions

Smith et al., 2016 (109)

This study applied a unique post-hoc statistical analysis (Student Newman-Keuls
test) to neuromuscular (EMG AMP and MMG, AMP and MPF) responses during the
performance of fatiguing intermittent, isometric muscle actions of the leg extensors to
identify the timepoint of fatigue-induced changes as well as make inferences regarding the
motor unit activation strategy used to maintain force production during the fatiguing work
bout. Eleven men (age: 22.4 ± 2.9 yrs; height: 180.1 ± 6.9 cm; body mass: 89.7 ± 11.1 kg)
completed 2, 6-second maximal voluntary contractions (MVC) of the leg extensors of the
dominant limb (determined by kicking preference) at a knee joint angle of 120° to
determine 60% MVC. The subjects then performed 50, intermittent, isometric muscle
actions using a work:rest protocol consisting of 6-sec of work, 2-sec of rest at the torque
associated with 60% MVC. During the fatiguing muscle actions, EMG and MMG signals
were recorded from the vastus lateralis of the dominant limb. Investigators analyzed the
middle 33% of the first rep as well as every 5th repetition (repetitions 1, 5, 10, 15, 20, 25,
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30, 35, 40, 45, and 50) for the neuromuscular parameters, and normalized the raw EMG
and MMG signals as a percent of the initial repetition. The authors performed polynomial
regression analyses to determine the relationship between the normalized neuromuscular
parameter and repetition, followed by four separate one-way repeated measures ANOVAs
(1 [EMG AMP, EMG MPF, MMG AMP, and MMG MPF] x 11 [repetitions 1, 5, 10, 15,
20, 25, 30, 35, 40, 45, and 50]) and post-hoc Student Newman-Keuls tests to identify the
onset of fatigue-induced changes in the neuromuscular parameters during the fatiguing
muscle actions. The EMG AMP signal demonstrated a positive, quadratic relationship (R2
= 0.98, p = 0.001) that indicated EMG AMP increased from the initial repetition from
repetition 5-50. The EMG MPF responses demonstrated negative quadratic (R2 = 0.93, p =
0.012) fatigue-induced changes that were less than the initial repetition from beginning at
repetition 20 and continuing through repetition 50. For the MMG AMP response, there was
a positive linear (r2 = 0.049, p = 0.033) relationship that indicated fatigue-induced changes
that were greater than the initial repetition from repetitions 5-50. The MMG MPF
relationship demonstrated negative linear (r2 = 0.78, p = 0.001) fatigue-induced changes
that were less than the initial repetition from repetition 20-50. The authors concluded there
were 2 unique phases in the neuromuscular responses during the performance of fatiguing
muscle actions of the leg extensors that indicated increases in EMG and MMG AMP from
the initial repetition beginning at repetition 5, but no change from the initial repetition in
EMG and MMG MPF until repetition 20. However, all four neuromuscular parameters
resulted in fatigue-induced changes that were different from the initial repetition beginning
at repetition 20 and continuing through the final repetition (repetition 50). Thus, the authors
reported fatigue-induced increases in muscle activation (EMG AMP) and motor unit
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recruitment (MMG AMP) throughout the fatiguing work bout and decreases in motor unit
action potential conduction velocity (EMG MPF) and motor unit firing rate (MMG MPF)
during the latter half of the work bout. Thus, the authors concluded force production was
maintained by motor unit activation strategies that are consistent with the Onion Skin
Scheme and Muscular Wisdom strategies.

Smith et al., 2017 (107)

The purpose of this study was to examine the neuromuscular responses from the
three superficial quadriceps muscles (vastus lateralis [VM], vastus medialis [VM], and
rectus femoris [RF]) as well as the force production and motor unit activation strategy used
during the performance of 25 maximal, isokinetic leg extensor muscle actions at 120°s-1.
Thirteen men (age: 24 ± 3.8 yrs; height: 172.8 ± 8.6 cm; body mass: 79.8 ± 9.7 kg)
completed 25 maximal, isokinetic leg extensor muscle actions at 120°s-1 performed by the
dominant limb (determined by kicking preference). During all visits, the force produced as
well as the neuromuscular responses from the VL, VM, and RF were recorded. Polynomial
regression analyses were used to determine the relationship between the force or
neuromuscular parameter and repetitions, followed by 1 (neuromuscular parameter or
force) x 25 (repetitions 1-25) repeated measures ANOVAs with post-hoc Student NewmanKeuls tests to determine the onset of fatigue-induced changes during the fatiguing muscle
actions. There were negative linear (r2 = 0.88) fatigue-induced changes in peak force that
were less than the initial repetition from repetition 9-25. For the VL, there were positive
quadratic (EMG AMP; r2 = 0.82; repetition 1 < repetitions 9-25), negative quadratic (EMG
MPF; r2 = 0.76; repetition 1 > repetition 6-25), and positive cubic (MMG AMP; r2 = 0.96;
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repetition 1 < repetition 15-25) fatigue-induced changes, while MMG MPF did not
demonstrate any fatigue-induced changes. The VM demonstrated positive linear (r2 = 0.67)
fatigue-induced changes in EMG AMP that were greater than the first repetition from
repetitions 4-25, but no fatigue-induced changes were exhibited for EMG MPF, MMG
AMP, or MMG MPF. The neuromuscular responses for the RF demonstrated positive
quadratic (r2 = 0.76; repetition 1 < repetitions 4-25) and negative linear (r2 = 0.87; repetition
1 > repetition 9-25) for EMG AMP and EMG MPF, respectively. However, there were no
fatigue-induced changes in MMG AMP or MMG MPF demonstrated for the RF. The
authors concluded there were 5 unique phases (repetitions 1-4, 4-6, 6-9, 9-15, and 15-25)
in neuromuscular responses to maintain force production during the performance of
fatiguing, isokinetic muscle actions of the leg extensors. These phases began with no
change in force production or neuromuscular parameters, and ended with decreases in force
production, plateaus (VL, RF) or increases (VM) in EMG AMP, decreases in EMG MPF
(VL, RF), increases in MMG AMP (VL), and no change in MMG MPF (VL, VM, RF)
during the performance of 25 isokinetic muscle actions of the leg extensors at 120°s-1. In
addition, the authors suggested there are muscle-specific motor unit activation strategies
used to maintain force production that are consistent with the Onion Skin Scheme due to
the increases in muscle activation (EMG AMP) and motor unit recruitment (MMG AMP),
and no change in MMG MPF suggesting competing influences between lower firing rates
of newly recruited motor units and higher firing rates of previously recruited motor units.
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Smith et al., 2017 (108)

This study examined the fatigue-induced changes in maximal strength and
neuromuscular parameters before and after the performance of fatiguing leg extensor
muscle actions at 30% and 70% one-repetition maximum (1RM), as well as the time course
of changes in neuromuscular responses between 30% 1RM vs. 70% 1RM. Thirteen men
(age: 20.2 ± 1.8 yrs; height: 173 ± 5.0 cm; body mass: 79.0 ± 6.2 kg) completed this study.
The subjects performed a unilateral, concentric-only 1RM leg extension for the dominant
limb (determined by kicking preference) followed by the performance of concentric-only
repetitions to failure at either 30% 1RM or 70% 1RM (on separate days). After the
performance of the fatiguing muscle actions of the leg extensors, the subjects performed a
post-test 1RM. During all visits, EMG and MMG signals were recorded from the vastus
medialis (VM) to determine the time course of changes in the neuromuscular parameters
at the different intensities. The authors reported there were 4 unique phases (1-30%, 3060%, 60-90%, and 90-100% of total repetitions completed) and 3 unique phases (1-20%,
20-80%, and 80-100% of total repetitions completed) for the neuromuscular responses
during the performance of repetitions to failure at 30% 1RM and 70% 1RM, respectively.
Specifically, the authors concluded there were greater fatigue-induced neuromuscular
changes at 30% 1RM compared to 70% 1RM at the beginning phases of the work bout, but
no difference in the fatigue-induced neuromuscular responses at the end of the fatiguing
work bouts at the different intensities. During the middle phase, however, there were
distinct neuromuscular responses between the two intensities that indicated intramuscular
pressure may have affected the signals to a greater degree during the performance of
repetitions to failure at 30% 1RM compared to 70% 1RM. Thus, the investigators
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concluded there are time-dependent differences during the performance of unilateral,
concentric-only muscle actions of the leg extensors performed at 30% and 70% 1RM that
vary in both the direction and magnitude of fatigue-induced changes in neuromuscular
responses at low- and high-loads.

Anders et al., 2020 (7)

The purpose of this study was to examine performance fatigability (the decline in
an objective measure of performance [i.e., MVC]) and neuromuscular responses (EMG and
MMG, AMP and MPF) for unilateral and bilateral isokinetic leg extension exercise. Eleven
women (age: 22.9 ± 0.94 yrs; height: 167.2 ± 6.4 cm; body mass: 60.5 ± 10.1 kg) completed
50, maximal isokinetic (60°s-1) bilateral and unilateral leg extensions, on separate days.
During both the unilateral and bilateral leg extensions, the neuromuscular signals (EMG
and MMG, AMP and MPF) were recorded from the vastus lateralis of the nondominant
limb. In addition, torque production was recorded throughout the entire fatiguing task. Prior
to each visit, the subjects completed 2, maximal voluntary contractions for the unilateral
and bilateral conditions for normalization of the neuromuscular responses and torque
produced during the fatiguing task. The neuromuscular responses and torque produced
were analyzed for every 5th repetition (repetitions 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50).
There were significant decreases in torque from repetition 5 beginning at repetition 20 and
repetition 35 for the unilateral (38.0 ± 12.7% reduction) and bilateral (17.7 ± 12.9%
reduction) leg extensions, respectively. In addition, torque production was greater in the
bilateral compared to unilateral condition for repetitions 25, 30, 35, 40, 45, and 50. For the
neuromuscular parameters, there were no changes across repetitions or between conditions
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(bilateral vs. unilateral) for EMG AMP and MMG AMP. For EMG MPF, when collapsed
across repetition, the bilateral leg extension exhibited greater EMG MPF than the unilateral
leg extension. In addition, EMG MPF (collapsed across limb) decreased from repetition 5
beginning at repetition 10 and continuing through repetition 50. For MMG MPF, there
were significant decreases across repetitions for both unilateral and bilateral conditions that
began to decrease from the 5th repetition beginning at repetition 10 (unilateral) and 15
(bilateral). The bilateral condition also exhibited greater MMG MPF than the unilateral
condition for repetitions 40 and 45. The authors concluded there was greater performance
fatigability in isokinetic torque production following 50 maximal isokinetic unilateral leg
extensions compared to bilateral. In addition, authors stated the greater performance
fatigability following unilateral leg extensions was consistent with greater reductions in
EMG MPF (motor unit action potential conduction velocity) and MMG MPF (motor unit
firing rate), suggesting there were greater levels of peripheral fatigue in unilateral
compared to bilateral conditions. However, although unilateral leg extensions exhibited
greater performance fatigability than bilateral, both conditions demonstrated similar
patterns of responses in the neuromuscular parameters, suggesting utilization of a similar
motor unit activation strategy when performing both unilateral and bilateral leg extension
exercise.

Summary

Surface electromyography (EMG) and mechanomyography (MMG) reflect the
electrical and mechanical components, respectively of muscle contractions and provide an
indirect measure of muscle fatigue. During the performance of sustained intermittent and
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isokinetic muscle actions, authors have reported increases in muscle activation (EMG
AMP), decreases in motor unit action potential conduction velocity (EMG MPF), increases
or no change in motor unit recruitment (MMG AMP), and decreases or no change in motor
unit firing rate (MMG MPF) (107,109). In addition, authors have reported time-dependent
changes in neuromuscular fatigue that were intensity-specific during dynamic constant
external resistance (DCER) muscle actions. Specifically, manifestations of neuromuscular
fatigue were greater when DCER muscle actions were performed at low- compared to highintensities (108). Furthermore, while the EMG signals typically demonstrated distinct
increases and decreases in AMP and MPF, respectively, there were equivocal findings for
the MMG AMP and MMG MPF responses reported during fatiguing exercise, indicating
intramuscular pressure may affect signals differently depending on the mode and intensity
the muscle actions are performed (108). When comparing unilateral and bilateral isokinetic
muscle actions of the leg extensors to failure, authors have reported greater performance
fatigability (i.e., reductions in isokinetic peak torque) after completing unilateral leg
extensions to failure compared to bilateral, but similar neuromuscular responses between
the two modalities (7). Finally, during intermittent and isokinetic muscle actions of the leg
extensors, authors have reported the Onion Skin Scheme and Muscular Wisdom theory
best reflect the motor unit activation strategy used to maintain force producing during
fatiguing tasks (107,109), while motor unit activation strategies may be intensitydependent when performing DCER exercise repetitions to failure (108).
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2.1.3

The Use of Near-Infrared Spectroscopy During Dynamic Muscle
Actions

Grassi and Quaresima, 2016 (44)

The purpose of this review was to examine the role of near-infrared spectroscopy
(NIRS) devices during exercise to measure oxidative metabolism in skeletal muscle. Nearinfrared spectroscopy devices are a noninvasive tool that provide measurements of the
changes in oxygen saturation of hemoglobin (Hb) (located primarily in the capillaries) and
intracellular myoglobin (Mb) in the muscle. Specifically, authors have suggested changes
in the NIRS signal, and in particular, changes in deoxy(Hb+Mb) reflect “fractional oxygen
extraction” and thus, the balance between muscle blood flow and oxygen uptake (i.e., C(av)O2m). The values obtained by NIRS devices are often expressed in relative terms, which
typically sets the initial resting value arbitrarily to zero. Thus, changes in deoxy(Hb+Mb)
are expressed as a percent change in skeletal muscle oxygen saturation (SmO2). During
exercise, muscles typically use a greater percent of the oxygen they receive from the
cardiovascular system compared to resting conditions. Due to this phenomenon, authors
have reported changes in %SmO2 to reflect a sigmoidal pattern over time. Initially, at low
work rates, there are slight increases in %SmO2, indicating a tight relationship between
muscle blood flow and oxygen extraction. As exercise continues and work rate increases,
there is a linear increase in %SmO2 that reflects a greater extraction of oxygen to muscle
blood flow ratio. Finally, a plateau in %SmO2 occurs as individuals near maximal exercise
capacity (~80% maximum capacity), that may reflect the maximal capacity of the muscle
to extract oxygen. Furthermore, authors have reported an “overshoot” in %SmO2 at the
beginning of exercise that reflects the initial mismatch between muscle blood flow and
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oxygen extraction. Thus, based on the suggestions provided by the authors, utilizing a
NIRS device for the measurement of muscle oxygen saturation may allow for the
examination of the balance between muscle oxygen supply and utilization during dynamic
exercise.

duManoir et al., 2010 (34)

The purpose of this study was to examine the changes in pulmonary oxygen uptake
(𝑉̇ O2p), leg muscle conduit blood flow (LBF), and deoxygenation from the vastus lateralis
(VL) and vastus medialis (VM) during moderate intensity, alternate-limb, leg extension
exercise. Seven men (age:27 ± 5 yrs; height: 183.1 ± 6.1 cm; body mass: 79.3 ± 9.1 kg)
completed an incremental, alternate-limb, leg extension test to exhaustion on a leg
extension machine to determine 𝑉̇ O2peak and lactate threshold (defined as V̇O2 value that
corresponded to the dissociation between V̇CO2 and V̇O2). The subjects were asked to
maintain a rate of 30 contractions per minute, with the work rate starting at 18W and
increasing by 6W every 2 min (or until 30 contractions per minute could no longer be
maintained). The subjects then began the exercise session, which consisted of 2 min of rest,
followed by 4 min of passive leg extension exercise, then 8 min of leg extension exercise
performed at 80% of the predetermined lactate threshold. During the visits, leg blood flow
from the conduit femoral artery of the right limb was measured, as well as the relative
concentrations of changes in oxy-hemo(+myo)globin (ΔO2Hb), deoxy-hemo(+myo)globin
(ΔHHb), and total hemo(+myo)globin (ΔHbtot) from the VL and VM of the right leg.
During exercise, both V̇O2p and LBF increased from resting. In addition, V̇O2p and LBF
were significantly correlated with one another (r = 0.76, p = 0.043). The ΔHHb increased
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rapidly at the start of exercise for both the VL and VM, with no difference in the increase
between muscles. Furthermore, ΔO2Hb and ΔHbtot had a transient decrease that the start of
exercise, followed by increases in both parameters with 60 sec (ΔO2Hb) and a few seconds
(ΔHbtot) after exercise onset. In addition, both ΔO2Hb and ΔHbtot increased throughout the
exercise protocol. The authors concluded the correlation between oxygen uptake (V̇O2p)
and LBF suggested a tight relationship between blood flow to the muscle, oxygen delivery,
and oxygen uptake during moderate-intensity leg extension exercise. In addition, the
authors reported a rapid increase for ΔHHb that was faster than V̇O2p and LBF that may
indicate a mismatch between whole muscle blood flow and microvascular oxygen delivery,
extraction, and utilization. Thus, there may be a short time during exercise where an
“overshoot” of muscle deoxygenation occurs that suggests a potential undershoot in
microvascular oxygen delivery and extraction. Furthermore, due to the proportional
increases observed in oxygen utilization between the VL and VM, the authors suggested
there may be a similar pattern of oxygen extraction and utilization within the superficial
quadriceps’ muscles during moderate intensity exercise.

McManus, Collison, and Cooper, 2018 (75)

This study compared two different NIRS devices, the PortaMon and the Moxy, to
examine the test-retest reliability of the devices, as well as two of each device to examine
the sensitivity of the measure of tissue oxygen saturation (SmO2) between models of the
same device. In addition, the change in SmO2 (ΔSmO2) between the four devices (two
PortaMon and two Moxy) during isometric muscle actions of the leg extensors was
compared. Five men (age: 21.2 ± 1.7 yrs; height: 178 ± 1 cm; body mass: 71.5 ± 7.7 kg)
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completed a resting supine measurement of vastus lateralis SmO2, followed by a maximal
voluntary contraction (MVC) of the leg extensors. During the next four visits, the subjects
completed 2, 30-second isometric contractions at 30% and 50% MVC, on separate days
(one visit for each device). The coefficient of variation (CV) was used to examine
reliability between and within devices. Authors obtained the maximum and minimum
SmO2 values from the initial 3 seconds and final 3 seconds, respectively, of the 30-second
isometric contraction to get a measure of the ΔSmO2. There was no difference in the CV
values or the ΔSmO2 provided between devices of the same manufacturer. The PortaMon
(CV: 1.8 and 2.5) reported lower CV values compared to the Moxy (CV: 5.7 and 6.2),
however, both devices reported CV values that were less than 10%, indicating absolute
reliability between and within devices. There were significant differences between the
Moxy and PortaMon in the ΔSmO2 during both the 30% and 50% MVC. For both
intensities, the Moxy (30% MVC: 36.5 ± 7.3 and 37.9 ± 14.4%; 50% MVC: 57.3 ± 14.9%
and 60.8 ± 13.7%) reported greater % changes in ΔSmO2 compared to the PortaMon (30%
MVC: 9.4 ± 4.4% and 8.3 ± 4.8%; 50% MVC: 14.2 ± 2.3% and 14.8 ± 4.3%). However,
both the PortaMon and the Moxy demonstrated a similar pattern in the SmO2 response
during exercise, as there was an immediate decrease in SmO2 at the start of exercise for
both intensities that returned to baseline when the isometric contraction ended. The authors
concluded that both devices provide acceptable measures of reliability and show similar
trends in the pattern of responses in SmO2 during an isometric contraction of the leg
extensors. In addition, due to the consistently higher mean SmO2 reported by the Moxy,
the authors recommended measuring these responses in individuals who have lower
adipose tissue thickness (< 7 mm), as well as applying a consistent external pressure to the
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device between subjects and visits when utilizing the Moxy to examine changes in muscle
oxygen saturation during exercise.

Crum et al., 2017 (26)

This study was designed to determine the reliability and validity of the Moxy
muscle oxygen monitor during two incremental cycling trials, as well as to examine the
relationship between the measures obtained from the Moxy (local oxygen saturation
[SmO2] and total hemoglobin [THb] in the capillaries of the muscle located below the
NIRS device). Ten trained cyclists (9 men, 1 woman; age: 16-30 yrs; height: 180 ± 9 cm;
body mass: 71 ± 10 kg) completed two incremental cycling trials to fatigue, separated by
seven days. The subjects completed a 5 min warm up, followed by the incremental cycling
trial beginning at 100W, and increasing every 5 min by 50 W (maximum number of stages
reached: 4-6 [250-350 W]). During both trials, muscle oxygen measures were obtained
from the Moxy on the vastus lateralis of the dominant limb, as well as heart rate and expired
air. Spearman’s rank order correlation (SROC) and intraclass correlation coefficient (ICC)
analyses were used to examine the correlation of the Moxy muscle oxygen measurements
(SmO2 and THb) between trials. As exercise intensity increased throughout the incremental
cycling test, both heart rate and V̇O2 increased (p < 0.01), SmO2 decreased (p < 0.01), and
THb showed no change (p = 0.29). For SmO2, the SROC (0.834-0.980) and ICC (0.7730.992) analyses demonstrated strong correlations between trials. For THb, the SROC
demonstrated weak (n = 6; < 0.5), moderate (n = 2; 0.5-0.75), and strong (n = 2; > 0.75)
correlations, while the ICC demonstrated small or moderate (n = 3; 0.01-0.482), and trivial
(n = 7; < 0.1) correlations. In regard to reliability, SmO2 exhibited good to moderate
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reliability at low and moderate intensities, but the reliability decreased as intensity
increased. For THb, however, reliability was strong across both trials and at all intensities.
Furthermore, SmO2 demonstrated a moderate, inverse relationship with V̇O2 (r = -0.73) and
with HR (r = -0.71), while THb did not demonstrate a strong relationship with V̇O2 or HR.
The authors concluded the Moxy muscle oxygen monitor is valid and reliable for
measurements of SmO2 at low intensities, but reliability decreases as exercise intensity
increases. The decrease in reliability, however, is consistent with other traditional NIRS
devices. In addition, although the measurement of THb was reliable between the two trials,
the measure did not correlate to other physiological variables (V̇O2 or HR), or show strong
validity. Thus, the authors concluded the Moxy muscle oxygen monitor may be useful in
measuring local changes in muscle oxygenation (SmO2), while impairment in reliability at
high intensities may be a factor of increased contraction intensity and movement artifact
as exercise intensities increase.

Summary

Near-infrared spectroscopy (NIRS) devices are used to measure skeletal muscle
oxygenation under various conditions (26,34,44,75). Recently, a NIRS device (Moxy) has
been developed to examine changes in muscle oxygen saturation (SmO2) during dynamic
exercise (26,75). Compared to traditional NIRS devices, Moxy produces reliable and valid
measures of SmO2 between visits and between subjects, during both resting and exercise
conditions (26,75). The Moxy has been reported to have high reliability when exercise is
performed at low intensities, and reduced reliability as exercise intensity increases;
however, this has also been demonstrated in traditional NIRS devices (26). Furthermore,
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NIRS devices have demonstrated rapid increases in SmO2 at the start of exercise, reflecting
the tight relationship between muscle blood flow, oxygen delivery, and oxygen extraction,
followed by linear increases throughout exercise, and ending in a plateau of SmO2 around
80% of maximum work rate (34,44). Authors have reported the plateau represents the
maximum capacity of muscle to extract oxygen during exercise (44). In addition, an
“overshoot” in SmO2 has been reported at the start of exercise, and authors have suggested
this “overshoot” represents the initial mismatch between oxygen delivery to the muscle
and oxygen extraction (34,44). Thus, the use of NIRS during dynamic exercise reflects the
changes in muscle oxygen saturation and the concomitant balance between oxygen delivery
and utilization in the muscle.

Sex-dependent Responses During Fatiguing Muscle Actions
Hunter and Enoka, 2001 (54)

The purposes of this study were to; 1) determine if a relationship existed between
absolute target force during a submaximal, isometric muscle action of the forearm flexors
and the time to exhaustion (Tlim) the muscle action could be maintained, and 2) determine
if there were sex-related differences in the pressor responses and muscle activation during
fatiguing, submaximal, isometric muscle actions of the forearm flexors. Seven men (age:
26.3 ± 1.1 yrs) and seven women (27.5 ± 2.3 yrs) completed a maximal voluntary
contraction (MVC) for the forearm flexors and extensors, an isometric muscle action at
20% MVC until exhaustion, followed by an MVC immediately after the fatiguing task.
During the MVC’s and fatiguing task, muscle activation (EMG AMP) was recorded from
the long and short head of the biceps brachii, the brachioradialis, the brachialis, and the
38

triceps brachii. In addition, heart rate (HR) and blood pressure were recorded, as well as
the Tlim the muscle action was sustained. The men had a greater MVC, as well as a greater
absolute target force (393 ± 27 N), compared to the women (177 ± 7 N). During the
fatiguing muscle action, the women (1806 ± 239 sec) sustained the contraction 118%
longer than the men (829 ± 94 sec). Furthermore, although men had greater MVC strength
and women were able to sustain the contraction for longer, there were similar reductions
in MVC force (~37% decline) for both sexes after the fatiguing task. For EMG AMP, the
men and the women both demonstrated increases in activation throughout the fatiguing
task. The men, however, demonstrated a greater rate of increase in EMG AMP compared
to the women due to the shorter Tlim the muscle action was sustained. For both HR and
mean arterial pressure (MAP), the men demonstrated greater increases (HR: 53.2 ± 5.9%;
MAP: 38.3 ± 5.2) than the women (HR: 24.9 ± 5.8%; MAP: 20.4 ± 3.0%). Interestingly,
when the authors covaried for absolute target force, there were no sex-related differences
in Tlim or HR and MAP during the fatiguing muscle action. Furthermore, the authors
reported shorter Tlim were associated with greater strength, and the increases in MAP was
associated with a higher absolute target force. The authors concluded that the greater Tlim,
and, thus, higher fatigue-resistance in women was a consequence of a lower absolute target
force compared to the men.

Clark et al., 2005 (23)

This study examined the sex-related differences in time to task failure (Tlim),
neuromuscular activation (electromyography amplitude [EMG AMP]), and force
fluctuations during the performance of sustained isometric, unilateral (non-dominant limb)
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leg extensor muscle actions performed at 25% of their maximal voluntary contraction
(MVC) during both occluded (OCC) and non-occluded (NON-OCC) states, on separate
days. Eleven men (age: 26.2 ± 2.0 yrs) and eleven women (age: 23.9 ± 1.3 yrs) completed
this study. During both visits, EMG signals were recorded from the vastus lateralis (VL),
vastus medialis (VM), rectus femoris (RF), and biceps femoris (BF) muscles, as well as
the Tlim for both the OCC and NON-OCC fatiguing muscle actions. The women were able
to maintain the fatiguing muscle action 21.3% longer than the men during the NON-OCC
task, however, there was no difference in Tlim between men and women during the OCC
task. In addition, the women had greater RF activation compared to the men at Tlim in both
OCC and NON-OCC states, as well as greater pooled muscle activation (mean VL, VM,
and RF) at Tlim under both blood flow conditions. For force fluctuations, both men and
women increased throughout the fatiguing muscle actions. However, the women had larger
fluctuations (26.6%) in force compared to the men in the final third of the fatiguing muscle
action during the NON-OCC condition, but there was no difference in force fluctuation
between sex during the OCC condition. The women demonstrated greater Tlim, muscle
activation, and force fluctuations compared to the men during the NON-OCC trials of
sustained isometric leg extensor muscle actions to failure. Thus, the authors concluded
there are sex-related differences in muscle blood flow and/or muscle metabolism during
the performance of fatiguing muscle actions with normal blood flow. In addition, authors
stated that women and men have different patterns of neuromuscular responses during
fatiguing tasks of the leg extensors muscles. These may, in part, explain the greater fatigueresistance of women compared to men during fatiguing tasks.
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Yoon et al., 2007 (118)

This study examined the sex-related differences in time to exhaustion (Tlim) and
voluntary activation, as well as muscle activation (EMG AMP) after the performance of
fatiguing, isometric muscle actions of the forearm flexors performed at 20% and 80%
maximal voluntary contraction (MVC). Eighteen individuals (nine men and nine women;
age: 22-33 years) completed 3 testing sessions consisting of: 1) familiarization of the MVC
protocol and submaximal contractions, 2 and 3) the performance of fatiguing, submaximal
isometric muscle actions of the forearm flexors at 20% and 80% MVC. The subjects
performed a MVC prior to sustained, fatiguing, isometric muscle actions of the forearm
flexors of the nondominant arm, and then an MVC immediately after the fatiguing task.
The subjects also completed four, brief (6-second) submaximal muscle actions with oneminute rest between trials at 20%, 40%, 60%, and 80% MVC to examine voluntary
activation as contraction intensity increased. During all visits, EMG signals were recorded
from the biceps brachii, triceps brachii, and brachioradialis, and electrical stimulation was
induced at the biceps brachii to assess voluntary activation. The men exhibited greater
absolute MVC torque before and after the fatiguing muscle action at 20% MVC and 80%
MVC compared to the women. The women demonstrated a greater percent decline in MVC
torque (31.6 ± 11.1% decline) compared to the men (16.7 ± 8.1% decline) at the end of the
20% MVC fatiguing task, but there was no difference in percent decline between the
women (15.4 ± 53%) and the men (16.1 ± 3.2%) after the 80% MVC fatiguing task. The
women sustained the isometric muscle action for a greater time at 20% MVC (men: 10.6 ±
2.0 min; women: 17.0 ± 8.7 min), but there was no difference in the Tlim between sexes at
80% MVC (men: 25.0 ± 6.5 sec; women: 24.3 ± 6.6 sec). Voluntary activation was reduced
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to a similar degree between the men and the women after both the 20% and 80% fatiguing
tasks; however, there was a greater reduction in voluntary activation following the 20%
fatiguing task compared to 80% for both sexes. During the brief, submaximal muscle
actions, the EMG AMP increased as contraction intensity increased to a similar degree for
both men and women. In addition, EMG AMP increased throughout the fatiguing tasks for
both intensities (20% and 80% MVC), but there were sex-dependent responses in EMG
AMP that were muscle specific. The women had a greater EMG AMP in the biceps brachii
compared to the men, while the men had greater EMG AMP in the brachioradialis after the
fatiguing muscle action at 20% MVC. There was no difference between the sexes in the
EMG AMP for the biceps brachii or brachioradialis after the fatiguing muscle actions
performed at 80% MVC. For the triceps brachii, the women exhibited greater EMG AMP
after the 80% MVC trial than the men. The mean arterial pressure (MAP) and HR increased
for both the men and the women during to 20% MVC fatiguing task, and the MAP and rate
of increase in MAP was greater for the men compared to the women. The authors
concluded there are sex-dependent responses in Tlim that are intensity specific and may be
related to perfusion to the working muscle. In addition, men and women exhibit differences
in activation and recruitment patterns to maintain force production during the performance
of fatiguing muscle actions at low intensities. The authors reported the sex-related
differences in muscle activation and voluntary activation at low intensities may be related
to changes in descending drive and excitability of the motor neuron pool, as well as afferent
feedback from the working muscles.
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Hill et al., 2018 (50)

The purpose of this study was to examine the sex-related differences in
neuromuscular responses during the performance of submaximal, isokinetic muscle actions
of the forearm flexors. Twelve men (age: 22.8 ± 2.3 yrs; height: 178.5 ± 7.9 cm; body mass:
84.2 ± 7.9 kg) and 12 women (age: 23.0 ± 3.2 yrs; height: 169.3 ± 7.1 cm; body mass: 62.9
± 6.5 kg) completed this study. The subjects first determined maximal peak torque for an
isokinetic muscle action of the forearm flexors performed at 60°s-1. The subjects then
completed 50, submaximal, concentric muscle actions at 65% peak torque (60°s-1),
followed immediately by the performance of 5 posttest concentric peak torque trials.
Electromyography (EMG) and mechanomyography (MMG) signals were recorded from
the biceps brachii and brachioradialis of the dominant limb during the trial. Absolute peak
torque values were greater pre- compared to post-fatiguing task for both men and women.
The men (23.8%) demonstrated significantly greater declines in peak torque from pre- to
post-fatiguing task compared to the women (18.5%). However, when covaried for pretest
peak torque, the sex-related difference in the decline in peak torque from pre- to posttest
diminished. For the neuromuscular responses of the biceps brachii, both the men and
women demonstrated linear increases in EMG AMP and quadratic decreases in EMG MPF.
For the MMG AMP and MMG MPF, the men demonstrated linear decreases in MMG
AMP and MMG MPF, while the women demonstrated no change in responses throughout
the fatiguing muscle actions. For the brachioradialis, the men demonstrated a quadratic
increase and the women a linear increase in EMG AMP, and both sexes demonstrated linear
decreases in EMG MPF. The men demonstrated nonsignificant relationships for both
MMG AMP and MMG MPF, while the women exhibited a linear increase in MMG AMP
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and a linear decrease in MMG MPF. The authors concluded there are sex-dependent
differences in muscle strength that affect the degree of fatigability following submaximal,
concentric fatiguing muscle actions of the forearm flexors. In addition, while there were
no sex-related differences in the EMG responses, the authors reported there are both
muscle- and sex-specific responses in the MMG responses that may be due to intramuscular
pressure and the utilization pattern of the synergist muscles during fatiguing isokinetic
muscle actions.

Summary

Authors have reported muscle-, intensity-, mode-, and circulation-specific
responses during isometric and isokinetic fatiguing muscle actions that were sex-dependent
(23,50,54,118). Specifically, women tended to be more fatigue resistant than men (i.e.,
longer times to exhaustion) (54,118), however, these sex-differences disappeared when
muscle actions were performed under ischemic conditions (23) or at high-intensities (80%
MVC) (118). Furthermore, women have demonstrated greater levels of muscle activation
during occluded and non-occluded unilateral leg extension isometric muscle actions and in
the triceps during isometric forearm flexion (23,54). However, at low-intensities, there
were muscle-specific responses in the biceps brachii (women greater activation than men)
and brachioradialis (men greater activation than women) when forearm flexion was
performed at 20% MVC, but no sex-dependent response in muscle activation when
performed at 80% MVC (118). In addition, during isokinetic muscle actions of the forearm
flexors, muscle activation was not sex-dependent, while the responses observed in motor
unit recruitment (MMG AMP) and motor unit firing rate (MMG MPF) demonstrated sex44

dependent responses that were muscle specific (50). In addition, authors have reported
performance fatigability to be both sex- and intensity-specific after the performance of
fatiguing muscle actions. Specifically, isometric muscle actions of the forearm flexors
performed at 20% MVC, authors have reported no sex difference in the degree of
performance fatigability (54). Conversely, Yoon et al. (118) reported women (24%
reduction) demonstrated greater reductions in MVC force production after performing
sustained isometric muscle actions of the forearm flexors at 20% MVC compared to men
(16% reduction), while this sex difference disappeared after the completion of fatiguing
muscle actions performed at 80% MVC (118). Finally, during the performance of 50,
submaximal (65% peak torque) isokinetic muscle actions of the forearm flexors, authors
reported men demonstrated greater reductions in peak torque after the fatiguing task
compared to women (50). Thus, the mechanisms and manifestations of fatigue appear to
be sex dependent.

Adaptations to Resistance Exercise to Failure at Lower- and Higher-Loads
Mitchell et al., 2012 (76)

This study examined the effects of resistance training to failure for the unilateral
leg extension at a lower-load for 3 sets (30% 1RM) compared to a higher-load for 3 sets
(80% 1RM-3) or for 1 set (80% 1RM-1) for 10 weeks in men with no prior resistance
training experience. Eighteen men (age: 21 ± 0.8 yrs; height: 176 ± 4 cm; body mass: 73.3
± 1.4 kg) completed 10 weeks of resistance to failure at either a low (30% 1RM) load for
3 sets, or high load for 3 sets (80% 1RM-3) or 1 set (80% 1RM-1). The subjects completed
two out of the three conditions, with each limb performing a separate protocol. Before and
45

after the 10-week intervention, muscle volume of the quadricep muscles was assessed via
magnetic resonance imaging (MRI) as well as muscle performance via 1RM strength and
MVC. Muscle volume of the quadricep increased in all three groups (30% 1RM: 1,581 ±
242 cm3 to 1,676 ± 198 cm3; 80% 1RM-1: 1,602 ± 215 cm3 to 1,651 ± 213 cm3; 80% 1RM3: 1,529 ± 207 cm3 to 1,633 ± 198 cm3), with no significant difference occurring between
any of the groups (p < 0.05). There were significant increases in 1RM strength for all three
training conditions, however, the 80% 1RM-3 and 80% 1RM-1 training condition
increased to a greater degree compared to the 30% 1RM training condition (p < 0.04). All
three training conditions also increased MVC strength pre- to post-training intervention
with no difference between the three conditions in the magnitude of increase. The authors
concluded that there are similar increases in muscle hypertrophy in the quadriceps after
resistance training to failure at both lower (30% 1RM) and higher (80% 1RM) loads, if
repetitions are taken to failure. In addition, authors concluded that higher-loads (i.e., 80%
1RM-3 and 80% 1RM-1) are superior to lower-loads (i.e., 30% 1RM) for strength
adaptations in the unilateral leg extension exercise even when repetitions are completed to
failure, supporting the principle of specificity for resistance training programs.

Schoenfeld et al., 2015 (101)

The purpose of this study was to compare the effects lower-load versus higher-load
resistance training to failure on muscular adaptations following an 8-week resistance
training intervention. 24 resistance-trained men (age: 23.3 yrs; height: 175 cm; body mass:
82.5 kg) were assigned to either a higher-load group (n = 12) or a lower-load group (n =
12). The subjects completed a resistance training session 3 times a week consisting of flat
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barbell press, barbell military press, wide grip lat pull-down, seated cable row, barbell back
squat, machine leg press, and machine leg extension. The lower-load group lifted at an
intensity that yielded 25-35 repetitions when performed to failure (~30-50% 1RM), and the
higher-load group lifted at an intensity where 8-12 repetitions could be completed to failure
(~70-80% 1RM). Both groups completed resistance training sessions three times per week.
An ultrasound image was used to determine muscle thickness of the forearm flexors,
forearm extensors, and quadriceps muscles, and maximal strength was assessed for the
upper and lower body by bench press and the back squat, respectively, by performing a
1RM. Both muscle thickness and 1RM strength were assessed pre- and post-intervention.
Both higher-load and lower-load groups significantly increased muscle thickness in the
forearm flexors (5.3% and 8.6%, respectively), forearm extensors (6.0% and 5.25,
respectively), and quadriceps (9.3% and 9.5%, respectively), with no difference between
the groups in the degree of increase (p = 0.22). For the bench press, the subjects in the
higher-load group significantly increased 1RM strength from pre- to post-intervention
(6.5%; p < 0.01), while the lower-load showed a nonsignificant increase in 1RM bench
press (2.0%). When adjusted for baseline 1RM strength, however, there was no significant
difference between groups for the magnitude of bench press increase. Conversely, for the
back squat, both higher-load (19.6%; p < 0.01) and lower-load (8.8%; p < 0.05) groups
showed significant increases in 1RM strength from pre- to post-intervention, with the
higher-load group producing superior increases compared to the lower-load group when
adjusted for baseline strength. The authors concluded that if repetitions are taken to failure,
both lower-load and higher-load training protocols are effective in producing significant
increases in muscle hypertrophy of both the upper and lower extremities. However, for
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maximal strength, authors reported higher-load resistance training to failure has an
advantage to lower-load, as bench press strength for the higher-load group trended toward
significance compared to lower-load and increases in back squat strength were significantly
greater for the higher-load group compared to the lower-load group. Thus, authors
concluded if hypertrophy is the training goal, both lower- and higher-loads can be used if
repetitions are taken to failure. However, for optimal strength adaptations, authors
recommend resistance training protocols that include lifting at higher loads.

Morton et al., 2016 (80)

This study examined the effects of resistance training to failure at lower- versus
higher-loads on muscle hypertrophy and muscular strength in resistance-trained men. 49
men (age: 23 ± 1 yr; height: 181 ± 1 cm; body mass: 86 ± 2 kg) completed one-repetition
maximum (1RM) testing, a dual-energy x-ray absorptiometry (DXA) scan, and a biopsy to
determine baseline maximal strength (leg press, bench press, leg extension, and shoulder
press), body composition (fat- and bone-free mass), and muscle cross-sectional area (vastus
lateralis), respectively. The subjects then completed 12 weeks of resistance training to
failure at either a lower- (n = 29) or higher- (n = 27) load where the subjects completed 3
sets of 20-25 repetitions to failure (~30-50% 1RM) for the lower-load training, and 3 sets
of 8-12 repetitions (~75-90% 1RM) for the higher-load training. The subjects completed
resistance training sessions 4 days per week (2 days upper body only; 2 days lower body
only) for 12 weeks. In addition, subjects completed 1RM strength testing for the leg press,
bench press, leg extension, and shoulder press during weeks 3, 6, and 9. After 12 weeks of
training, both lower-load and higher-load groups demonstrated increases the cross48

sectional area of the vastus lateralis Type I and Type II fibers, as well as increases in fatand bone-free mass, with no difference in the magnitude of increase between the two
groups. For maximal strength, both groups exhibited increases in the leg press, bench press,
leg extension, and shoulder press from pre- to post-intervention. There were no differences
in the strength increases between the two groups for the leg press, leg extension, or shoulder
press. However, the higher-load group (14 ± 1 kg) exhibited significantly greater increases
(p = 0.012) in bench press 1RM strength compared to the lower-load group (9 ± 1 kg). The
authors concluded that both higher-load and lower-load resistance training to failure were
effective in inducing muscular hypertrophy and maximal strength (1RM) increases. The
authors hypothesized the greater volume accumulation from resistance to failure at the
lower loads allowed maximal motor unit recruitment and large reductions in force
generating capacity, thus leading to failure and similar hypertrophy and strength outcomes
as observed in the higher-load training group. Furthermore, the authors speculated that the
periodic testing of 1RM strength throughout the training intervention allowed the subjects
practice training at heavy loads and the subsequent similar increases in strength in both
lower- and higher-load training groups. Therefore, the authors concluded completing
resistance training to failure at lower-loads coupled with periodic maximal strength testing
will allow for both hypertrophic and strength gains that are similar to those seen during
traditional, higher-load resistance training interventions.

Jenkins et al., 2017 (60)

The purpose of this study was to examine changes in muscle hypertrophy, muscle
activation (EMG AMP), as well as muscle performance (1RM strength and MVC) after 3
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and 6 weeks of resistance training to failure at a lower- (30% 1RM) and higher- (80%
1RM) load. 26 men (age: 23.1 ± 4.7 yrs; height: 180.6 ± 6.0 cm; body mass: 80.0 ± 14.1
kg) who had no prior resistance training experience completed this study. The subjects
completed three sets of resistance training to failure of the leg extension exercise 3 times
per week, at either 30% 1RM (n = 13) or 80% 1RM (n = 13). At baseline, week 3, and
week 6, the subjects’ completed muscle performance tests (1RM and MVC), ultrasound
measures from the vastus lateralis (VL), vastus medialis (VM) and rectus femoris (RF) of
the right limb to examine muscle hypertrophy and EMG AMP signals from the VL, VM,
and RF of the right limb during the MVC. Throughout the 6-week intervention, the 30%
1RM group accumulated greater time under tension compared to the 80% 1RM group (p <
0.01), however, there was no difference in total volume accumulation between the two
training groups (p = 0.66). For muscle hypertrophy, both groups increased muscle
thickness from baseline to week 3 (p < 0.001), from week 3 to week 6 (p < 0.001), and
from baseline to week 6 (p < 0.001), and there was no difference in muscle thickness
increases between the 30% 1RM (6.0% increase) and 80% 1RM (6.7% increase) groups.
The 80% 1RM group demonstrated greater increases in 1RM strength and MVC strength
compared to the 30% 1RM group at week 3 and week 6. Specifically, the 80% 1RM group
exhibited increases in 1RM and MVC strength from baseline to week 3, week 3 to week 6,
and baseline to week 6, while the 30% 1RM group only demonstrated increases in both
1RM and MVC strength from week 3 to week 6 and from baseline to week 6. There was
no difference between groups in EMG AMP during the MVC at week 3 or week 6. The
80% 1RM group demonstrated increases in EMG AMP from baseline to week 3, no change
from week 3 to week 6, and increases from baseline to week 6. For the 30% 1RM group,
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there were no changes from either time point in EMG AMP. Thus, after 6 weeks of a
resistance training to failure intervention, there were similar increases in muscle
hypertrophy when repetitions were completed to failure at lower (30% 1RM) and higher
(80% 1RM) loads, but greater increases muscular performance measures (1RM and MVC)
for the 80% 1RM training group compared to the 30% 1RM training group. In addition,
the authors suggested there were greater neural adaptations in the 80% 1RM group, as
demonstrated by greater increases in EMG AMP during the performance of a MVC
compared to the 30% 1RM training group, which allowed for greater increases in muscular
performance for the higher-load training group compared to the lower-load training group.

Summary

Resistance training to failure at lower-loads (30-50% 1RM) has elicited equivalent
increases in muscle hypertrophy (60,76,80,101), but similar (80) or inferior (60,76,101)
increases in muscular strength compared to resistance training to failure at higher-loads
(75-90% 1RM). Specifically, after the completion of 6-10 weeks of a lower-body specific
(leg extension) resistance training to failure protocol at lower (30% 1RM) or higher (80%
1RM) loads, untrained men demonstrated similar increases in muscular hypertrophy, but
inferior increases in muscular strength in the lower-load group compared to the higher-load
group (60,76). In addition, the untrained men who underwent 6 weeks of resistance training
to failure at a higher load demonstrated greater neural adaptations (i.e., EMG AMP during
an MVC) compared to those who trained at a lower load (60). There is conflicting evidence
of strength increases, however, after resistance-trained men completed either an 8- or 10week full body, RT to failure intervention at lower (30-50% 1RM) or higher (70-90%
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1RM) loads (80,101). After an 8-week resistance training intervention, men who completed
repetitions to failure of the assigned exercises at a higher-load (70-80% 1RM)
demonstrated greater increases in the bench press and back squat exercises compared to
the lower-load group (30-50% 1RM) (97). In contrast, Morton et al. (80) demonstrated no
difference in maximal strength between lower- (30-50% 1RM) and higher-load (75-90%
1RM) training groups in the leg press, leg extension, or shoulder press exercise, but did
report greater increases in bench press strength for the higher-load compared to lower-load
group. The authors attributed the similar increases in strength in the lower-load group as
the higher-load group after a full-body resistance training intervention to volume
accumulation and the potential to maximally recruit motor units during lower-load training.
Thus, resistance training to failure at lower-loads may elicit similar increases in muscular
strength as training at higher-loads, however, conflicting evidence exists regarding the
efficacy of strength increases when training at lower-loads (i.e., 30% 1RM).
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CHAPTER 3. METHODS
Research Design
This study consisted of seven visits, separated by a minimum of 24-48 hours.
During the first visit, the subjects completed 2-3 maximal voluntary contractions (MVC)
at a knee joint angle of 120° (180° leg is fully extended) and established a one-repetition
maximum (1RM) for the bilateral leg extension. During visits 2-5, the subjects completed
repetitions to failure for the bilateral leg extension at loads corresponding to 50%, 60%,
70%, and 80% of their 1RM, in a randomized order, for the determination of the critical
load (CL). During visits 6 and 7, the subjects completed repetitions to failure for the
bilateral leg extension at the load corresponding to 10% below (CL-10%) and 20% below
(CL-20%) their CL, in a random order. Immediately before and after performing leg
extension repetitions to failure during visits 2-7, the subjects completed a MVC for the
assessment of performance fatigability. At least 24 hours separated visits where repetitions
were

performed

to

failure.

Neuromuscular

(electromyographic

[EMG]

and

mechanomyographic [MMG]) responses were measured from the vastus lateralis (VL),
vastus medialis (VM), and rectus femoris (RF) of the dominant limb (determined by
kicking preference). In addition, muscle oxygen saturation measurements were recorded
from the VL of the dominant limb. The number of repetitions completed to failure was
recorded during each of the visits.

Subjects
Eleven women (Age: 22.1 ± 2.2 yr; Height: 167.8 ± 5.9 cm; Body mass: 68.4 ± 6.0
kg) and ten men (Age: 23.8 ± 4.2 yr; Height: 179.9 ± 4.6 cm; Body mass: 81.8 ± 11.7 kg)

completed this study. The men were taller (p < 0.001) than the women, had greater body
mass (p = 0.003) and mineral-free lean mass (MFLM; p < 0.001), and had a lower percent
body fat (p = 0.001) than the women. The men and women did not differ in age (p = 0.270)
or amount of fat mass (p = 0.070). Table 1 includes the mean (SD) of the individual and
composite anthropometric and body composition measures for the men and the women.
All the subjects had been resistance training 3 times per week for at least the past year, and
had no known cardiovascular, metabolic, or musculoskeletal diseases or disorders,
particularly in the hip, knee, or ankle. The subjects were asked to maintain their current
level of physical activity, but to abstain from lower body resistance exercise at least 24
hours prior to their testing session. All the subjects completed a health history form and
signed a written informed consent document approved by the University of Kentucky.

Anthropometric and Body Composition Assessment
Body mass (kg), height (cm), and body composition was measured for each subject
(Table 1). The subjects were measured wearing lightweight clothing that had no metal and
without shoes. Body mass was determined to the nearest 0.01 kg using a calibrated
electronic scale (American Scales & Equipment Company, Inc., Baltimore, Md). Standing
height was determined to the nearest 0.1 cm using a wall-fixed stadiometer (SecaModel
216, Seca North American West, Ontarion, CA) with the subjects’ hands positioned on the
hips during a maximal inhalation. Body composition measures were obtained using a total
body dual-energy x-ray absorptiometry (DXA) scan performed using a GE Lunar Prodigy
(GE Lunar Inc., Madison, WI) bone densitometer. In accordance with state and university
procedures and policy, all women of reproductive status completed a urine pregnancy test
(McKesson Corp., San Francisco, CA) immediately prior to DXA scanning. Only women
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with a negative urine pregnancy test (within established urine specific gravity ranges) were
included. A single trained investigator analyzed all scans using GE Lunar software Version
13.10.z. Total body DXA mineral-free lean mass (MFLM; kg), and absolute (kg) and
relative (% of body mass) fat masses were determined for each subject. In addition, the
MFLM of the dominant thigh and the MFLM of the dominant quadricep only of each
subject were determined. The thigh MFLM was determined by creating unique regions of
interest that encompassed all soft tissue within a proximal limit established by a horizontal
line at the level of the ischial tuberosity and a distal limit through the middle of the knee
joint. For the quadriceps MFLM, unique regions of interest were created using custom
analyses software to trace the soft tissue of the quadriceps. Specifically, the middle of the
femur and the knee joint angle were used for the medial and lateral boundaries,
respectively, while the base of the gluteal fold and the knee joint were used for the proximal
and distal borders, respectively.

Determination of One-Repetition Maximum
The subjects completed 1RM testing to provide the loads corresponding to 50%,
60%, 70%, and 80% 1RM required for determination of the CL. Determination of the 1RM
followed the guidelines set forth by the National Strength and Conditioning Association
for determining a maximum lift (103). Specifically, the subjects first completed 5-10
repetitions at a light load. Following 1 minute of rest, the subjects completed 3-5 repetitions
at a load 10-20% higher than the previous load. The subjects rested 2 minutes and received
a final warm up set consisting of 2-3 repetitions at a load 10-20% higher than the previous
load. The load was then increased another 10-20% and the subjects received 2-4 minute of
rest before attempting their first 1RM lift for the bilateral leg extension. Resistance was
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added until subjects could no longer perform the leg extension through their full range of
motion. Full range of motion was determined by the subject completing one repetition from
90° flexion at the knee to 180° full extension, with no resistance added to the machine, and
measuring the distance from the bottom of the pad on the leg extension machine to the
ground on a stadiometer. During all visits, a pipe cleaner was attached at the distance of
full extension on the stadiometer to ensure full range of motion for all repetitions. The
subjects received a maximum of 5 attempts to establish a 1RM. The subjects were given
2-4 minutes rest between each 1RM attempt.

Determination of Critical Load and Repetitions to Failure Below the Critical Load
During visits 2-7, the subjects completed repetitions to failure at 50%, 60%, 70%,
and 80% 1RM, in a randomized order, to determine CL, and repetitions to failure at CL 10% and

CL-20%, in a randomized order, on separate days. At least 24 hours separated visits.

Prior to completing repetitions to failure, the subjects completed 3 warm-up sets consisting
of 8-10 repetitions, 5-6 repetitions, and 2-3 repetitions of increasing load to get within 510 kg of the load they were lifting for the day. The subjects received 2 minutes of rest
between warm up sets, and 3 minutes of rest before completing the set of repetitions to
failure. The subjects then completed one set of repetitions to failure at the designated load
(50%, 60%, 70%, or 80% 1RM; CL-10% and CL-20%). The repetitions to failure were
completed to a metronome set to 55 beats per minute (1.1 sec for the concentric phase [leg
extends from 90° flexion at the knee to 180° full extension] and 1.1 sec for the eccentric
phase [leg returns to 90° flexion at the knee]). This cadence was established through pilot
data collection and was found to be the cadence at which all relative loads (50%, 60%,
70%, 80% 1RM; CL-10%, CL-20%) were able to be lifted through the full range of motion. A
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metronome was used to keep the cadence of the repetitions performed consistent between
subjects. Failure was defined as the inability to complete the leg extension repetition
through the full range of motion (determined previously during the 1RM visit), or the
inability to perform the repetitions to the desired cadence. The number of repetitions
completed was recorded for each load. The CL was calculated as the slope of the line of
the load lifted (kg) x the number of repetitions completed versus the number of repetitions
completed (Figure 1).

Determination of Performance Fatigability
Before and immediately after the completion of repetitions to failure during visits
2-7 (50%, 60%, 70%, and 80% 1RM; CL-10% and CL-20%), the subjects performed a 6second MVC for the leg extension. For the pre-fatiguing task MVC, the subjects completed
2-3 MVC trials, such that 2 out of the 3 trials resulted in peak torque values within 5% of
one another (23,55). The MVC that resulted in the highest torque (of the 2 trials within 5%
of one another) was used as the pre-fatiguing task MVC (23,55). Only 1 MVC was
performed post-fatiguing task. The degree of reduction in the force produced during the
MVC before completion of repetitions to failure compared to immediately after was
𝑝𝑟𝑒−𝑓𝑎𝑡𝑖𝑔𝑢𝑒 𝑀𝑉𝐶−𝑝𝑜𝑠𝑡−𝑓𝑎𝑡𝑖𝑔𝑢𝑒 𝑀𝑉𝐶

presented as a percent [(

𝑝𝑟𝑒−𝑓𝑎𝑡𝑖𝑔𝑢𝑒 𝑀𝑉𝐶

) ∗ 100)] and reflected the

degree of performance fatigability from bilateral leg extension exercise completed to
failure.

Muscle Oxygen Saturation Measurements
The NIRS (MOXY, Fortiori Desión LLC, Hutchinson, MN) device was placed on
the VL of the dominant limb (determined by kicking preference), approximately 50% of
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the distance between the greater trochanter of the femur and the lateral epicondyle (26,75).
The MOXY uses four wavelengths of NIR light at 680, 720, 760, and 800 nm, and the
sensor contains a single LED and two detectors placed 12.5 and 25.0 mm from the source.
The MOXY device reports skeletal muscle oxygen saturation (SmO2 [%];
[𝑜𝑥𝑦𝑔𝑒𝑛𝑎𝑡𝑒𝑑 ℎ𝑒𝑚𝑜𝑔𝑙𝑜𝑏𝑖𝑛]

([𝑜𝑥𝑦𝑔𝑒𝑛𝑎𝑡𝑒𝑑 ℎ𝑒𝑚𝑜𝑔𝑙𝑜𝑏𝑖𝑛]+[𝑑𝑒𝑜𝑥𝑦𝑔𝑒𝑛𝑎𝑡𝑒𝑑 ℎ𝑒𝑚𝑜𝑔𝑙𝑜𝑏𝑖𝑛]) 𝑥 100). The %SmO2 was continuously
measured during the performance of repetitions to failure at 50%, 60%, 70%, and 80%
1RM, and during repetitions performed to failure at CL-10% and CL-20%. During the testing
sessions, the system was connected to a personal computer using the manufacturer’s
software program (Peripedal ©) to provide a graphic display of the data. Data was acquired
at 2 Hz and obtained from the sensor’s internal memory. Data were extracted from the
Moxy device using the Moxy PC application (http://www.moxymonitor.com/settingsapp).

Electromyographic and Mechanomyographic Measurements
During the MVC, 1RM, and each of the repetitions to failure visits, a bipolar surface
EMG electrode (circular 4 mm diameter, silver/silver chloride, Biopac Systems, Inc., Santa
Barbara, CA) arrangement (30 mm inter-electrode distance) was placed on the VL, VM,
and RF of the dominant limb (determined by kicking preference). Prior to electrode
placement, the site on the skin was shaved, carefully abraded, and cleaned with isopropyl
alcohol. The EMG electrodes were placed based on the recommendations from the
SENIAM Project for EMG electrodes placement (47). For the VL, the electrode was placed
66% of the distance between the anterior superior iliac spine (ASIS) and the superior border
of the patella, 5 cm lateral to the reference line so that the electrodes were placed over the
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VL muscle (71), and oriented at a 20° angle to the reference line to approximate the
pennation angle of the muscle fibers for the VL (1,47). The electrodes for the VM were
placed 80% of the distance between the ASIS and the joint space in front of the anterior
border of the medial ligament, at a 53° angle to approximate the pennation angle for the
muscle fibers (47,105). For the RF, electrodes were placed 50% on the line from the ASIS
to the superior border of the patella (47). The reference electrode was placed over the iliac
crest of the right limb. The MMG signals were detected with an accelerometer (Entran
EGAS FT 10, bandwidth 0-200 Hz, dimensions: 1.0 x 1.0 x 0.5 cm, mass 1.0 g sensitivity
10 mV g-1) placed between the bipolar surface EMG electrode arrangements on each
muscle, using double-sided adhesive tape.

Signal Processing
The raw EMG and MMG signals were sampled at 1 kHz with a 16-bit analog-todigital converter (Model MP150, BIOPAC Systems, Inc., Santa Barbara, CA, USA). The
signals were recorded and stored in a personal computer for subsequent off-line analysis
using a custom program written with LabVIEW programming software. The EMG signals
were differentially amplified (EMG 100c, BIOPAC Systems, Inc., Santa Barbara, CA,
USA, bandwidth = 10-500 Hz, gain: x1,000), and digitally bandpass filtered (zero-phase
shift fourth-order Butterworth) at 10-500 Hz. The MMG signals were amplified with an
in-line amplifier (gain: 200) and digitally bandpass filtered (fourth-order Butterworth) at
5-100 Hz. The EMG and MMG, AMP and MPF values were calculated from the middle
1/3 of the concentric portion of each repetition of the sets performed at 50%, 60%, 70%,
and 80% 1RM, and at CL-10% and CL-20%. The EMG and MMG AMP were expressed as
microvolts root mean square, μVrms, and m∙s-2, respectively. For the MPF (expressed as
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Hz) analyses, each data segment was processed with a Hamming window and a discrete
Fourier transform (DFT) algorithm in accordance with the recommendations of Hermens
et al. (47). The MPF was selected to represent the power spectrum based on the
recommendations of Hermens et al. (47) and was calculated as described by Kwatny et al.
(70). The EMG and MMG, AMP and MPF responses recorded during the repetitions
performed to failure at 50%, 60%, and 70% 1RM, and at CL-10% and CL-20% were
normalized as a percent change from the initial repetition of each respective set. In addition,
EMG AMP values for the initial 10% and final 10% of repetitions completed for loads
corresponding to 50%, 60%, 70%, and 80% 1RM, and CL-10% and CL-20% were normalized
as a percent of the EMG AMP associated with the 1RM.

Data Analyses
Analyses were performed for the composite (defined as the mean of all the subjects)
anthropometric (age, height, body mass, % body fat, fat mass, total body mineral free lean
mass [MFLM], dominant thigh MFLM, and dominant quadriceps MFLM), muscular
performance (repetitions completed, load [kg] lifted, total volume [repetitions x load
lifted], and time under tension [sec; determined from the Acqknowledge output from the
initiation of the first repetition to completion of the final repetition]), performance
fatigability (MVC), neuromuscular (EMG AMP, EMG MPF, MMG AMP, and MMG
MPG), and muscle oxygen saturation (SmO2 [%]) responses during the repetitions to
failure performed at 50%, 60%, 70%, and 80% 1RM, and at CL-10% and CL-20%. A one-way
repeated measures ANOVA was used to determine differences in the pre-exercise MVC
force value between visits 2-6. An intra-class correlation coefficient (ICC, relative
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reliability) (2,1) model was used to calculate the test-retest reliability of the pre-exercise
MVC force values. The equation used to calculate the ICC2,1 was:

ICC2,1 =

MSS −MSE
k(MST −MSE )
)
n

MSS +(k−1)MSE +(

.

The MSS represents the mean square error of the between subjects-effects, the MSE
represents the mean square error of the within subjects-effects, k represents the number of
tests, and n represents the sample size. The ICC values was categorized as “excellent” (0.8
– 1.0), “good” (0.6 – 0.8), or “poor (<0.6) (19). The standard error of the measurement
(SEM) and coefficient of variation (CoV) were also used to determine the test-retest
reliability of the pre-exercise MVC force values between visits 2-6 using the following
equations:

𝑆𝐸𝑀 = √𝑀𝑆𝐸

𝐶𝑜𝑉 =

𝑆𝐸𝑀
𝐺𝑟𝑎𝑛𝑑 𝑀𝑒𝑎𝑛

∗ 100.

For all anthropometric measures, separate, independent samples t-tests were used to
examine mean differences between the women and the men. Separate 2 (sex [women,
men]) x 6 (load [50%, 60%, 70%, and 80% 1RM, CL-10% and CL-20%]) mixed model (MM)
ANOVAs with appropriate follow-up one-way ANOVAs and post-hoc paired and
independent samples t-tests were used to examine repetitions completed, total volume
accumulation, and time under tension. A 2 (sex [women, men]) x 8 (load [1RM, 50%, 60%,
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70%, and 80% 1RM, CL, CL-10%, and CL-20%]) MM ANOVA was used to examine load
(kg) lifted with appropriate follow-up one-way ANOVAs and post-hoc paired and
independent samples t-tests. A 2 (sex [women, men]) x 3 (%1RM [CL, CL-10%, and CL20%]) MM

ANOVA with appropriate follow-up one-way ANOVAs and post-hoc paired and

independent samples t-tests was used to examine the relative load (% 1RM) corresponding
to the loads at and below the CL. A 6 (load [50%, 60%, 70%, and 80% 1RM, CL-10% and
CL-20%]) x 2 (sex [women, men]) MM ANOVA was used to examine performance
fatigability (% from pre- to post-exercise MVC) with appropriate follow-up one-way
ANOVAs and post-hoc paired and independent samples t-tests. Polynomial regression
analyses were used to determine the normalized EMG AMP, EMG MPF, MMG AMP,
MMG MPF, and %SmO2 responses (linear, quadratic, or cubic) versus %total repetitions
completed (initial, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100% total repetitions) during the
repetitions performed at 50%, 60%, and 70% 1RM, and at CL-10% and CL-20%. Changes in
the composite, normalized neuromuscular (VL, VM, and RF) responses were examined
with a 5 (load [50%, 60%, and 70% 1RM, CL-10% and CL-20%]) x 2 (sex [women, men]) x
11 (%total repetitions [initial, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100%]) x 3 (muscle [VL,
VM, and RF]) MM ANOVA with follow-up three-, two- and one-way MM and repeated
measures (RM) ANOVAs. A 5 (load [50%, 60%, and 70% 1RM, CL-10% and CL-20%]) x 2
(sex [women, men]) x 11 (%total repetitions [initial, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100%]) MM ANOVA with follow-up three-, two- and one-way MM and RM ANOVAs
was used to examine changes in the composite, normalized muscle oxygen saturation
measurements. Post-hoc Student Newman-Keuls tests were then used to determine the time
course of changes among the repeated measured variables (109). A 3 (muscle [VL, VM,
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and RF]) x 6 (load [50%, 60%, 70%, and 80% 1RM, CL-10% and CL-20%]) x 2 (time [initial
10% and final 10% of repetitions completed) x 2 (sex [women, men]) MM ANOVA with
follow-up three-, two-, and one-way MM and RM ANOVAs was used to examine changes
in muscle activation (normalized as percent of EMG AMP from 1RM). For all paired and
independent samples t-tests, Cohen’s d and 95% confidence intervals were calculated. The
analyses were conducted using Statistical Package for the Social Sciences software (v.24.0
IMB SPSS, Inc., Chicago, IL, USA), and an alpha level of p ≤ 0.05 was considered
statistically significant.
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Table 1. Individual and composite subject anthropometric (age, height, and weight) and body
composition (percent [%] body fat, fat mass, mineral free lean mass [MFLM], thigh MFLM
of the dominant limb, Quadriceps MFLM of the dominant limb).
Subject

Age
(years)

Height
(cm)

Body
Mass
(kg)

%
Body
Fat

Fat
Mass
(kg)

1 (W)
21
172
78.8
39.7
29.9
3 (W)
22
168.3
65.4
20.8
13.6
5 (W)
27
175.4
72.3
22.4
16.4
9 (W)
25
168.4
67.8
26.5
18.0
10 (W)
22
156.9
62.9
21.6
13.7
12 (W)
22
170.4
75.0
32.2
21.3
13 (W)
22
166
68.9
30.8
21.2
18 (W)
22
166.8
62.1
22.8
14
20 (W)
18
168.1
58.5
24.3
13.9
21 (W)
21
158.5
68.8
31.5
21.5
23 (W)
21
174.5
72.2
29.8
21.5
Mean
22.1
167.8
68.4
27.5
18.6
(SD)
(2.3)
(5.9)
(6.0)
(5.8)
(5.1)
2 (M)
30
172
78.8
10.6
7.7
4 (M)
28
172.9
84.1
19.7
16.7
7 (M)
23
183.4
80.8
16.9
13.
11 (M)
26
182.2
87.7
11.9
10.4
14 (M)
22
179.7
74.6
16.2
12.3
16 (M)
20
185.0
94.0
31.0
29.5
17 (M)
21
181.4
96.6
13.1
12.7
19 (M)
18
176.1
58.9
7.0
4.2
25 (M)
29
182.9
92.7
17.5
16.0
27 (M)
21
183.5
72.9
18.4
13.7
Mean
23.8
179.9*
81.8*
16.2*
13.7
(SD)
(4.2)
(4.6)
(11.7)
(6.5)
(6.7)
Composite
Mean
22.9
173.6
74.8
22.1
16.3
(SD)
(3.3)
(8.1)
(11.2)
(8.3)
(6.3)
* indicates men were significantly different than the women
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Total Body
MFLM (kg)

Thigh
MFLM
(kg)

Quadriceps
MFLM (kg)

45.5
48.5
53.3
63.9
47.2
48.4
45.1
45.0
40.3
44
46.9
46.5
(3.2)
65.2
64.6
63.9
72.9
60.5
60.6
80.5
52.3
71.0
57.0
64.9*
(8.2)

4.8
5.1
5.8
5.2
5.4
5.6
5.4
6.2
3.9
4.8
5.1
5.2
(0.6)
6.8
6.4
6.9
8.1
6.2
6.5
8.7
5.9
7.7
6.1
6.9*
(0.9)

1.9
2.4
2.4
2.0
2.4
2.5
1.9
1.9
1.7
2.0
2.1
2.1
(0.3)
2.7
2.7
2.4
3.6
2.4
3.0
3.1
2.6
3.1
2.3
2.8*
(0.4)

55.2
(11.1)

6.0
(1.2)

2.4
(0.5)

CHAPTER 4. ANALYSIS OF RESULTS
Results
4.1.1

Reliability

The pre-exercise MVC values for the 6 trials where repetitions were completed to
failure (50%, 60%, 70%, and 80% 1RM; CL-10% and CL-20%) for all 21 subjects were used
to determine the test-retest reliability for the force (MVC) measures. There was no
difference in MVC at any relative load (F(5, 100) = 1.615, p = 0.163, pη2 = 0.075). The
ICC demonstrated “excellent” reliability (ICC = 0.911), the SEM was 29.0 N, and the CoV
was 7.8% (Table 2).

4.1.2

Body Composition

The men had a lower percent body fat (p = 0.001, d = 1.83, 95% CI [12.2 – 20.2%])
than the women (95% CI [24.1 – 30.9%]). In addition, the men demonstrated greater total
body MFLM (p < 0.001, d = 2.96), dominant limb thigh MFLM (p < 0.001, d = 2.22), and
dominant limb quadriceps MFLM (p < 0.001, d = 1.98) (Table 1).

4.1.3

Muscular Performance

There was a load x sex interaction for kg load lifted for the 1RM, 50%, 60%, 70%,
and 80% 1RM, and CL, CL-10%, and CL-20% (F(7, 133) = 9.216, p < 0.001, pη2 = 0.327).
Follow-up one-way repeated measures ANOVAs and pairwise comparisons for the men
(F(1.117, 10.057) = 157.941, p < 0.001, pη2 = 0.946) and the women (F(1.143, 11.430) =
309.725, p < 0.001, pη2 = 0.969) indicated that all loads were different from one another
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(1RM > 80% 1RM > 70% 1RM > 60% 1RM > 50% 1RM > CL > CL-10% > CL-20%; p <
0.001 for all loads; women: d = 0.24 – 7.30; men: d = 0.27 – 4.86) (Table 3). Independent
samples t-tests indicated the men lifted a greater load than the women for the 1RM (p =
0.001, d = 1.61), for the loads at 50% 1RM (p = 0.001, d = 1.61), 60% 1RM (p = 0.001, d
= 1.60), 70% 1RM (p = 0.001, d = 1.59), and 80% 1RM (p = 0.001, d = 1.63), and for the
loads corresponding to CL (p = 0.038, d = 0.97), CL-10% (p = 0.050, d = 0.90), and CL-20%
(p = 0.040, d = 0.96) (Table 3). For the relative load (%1RM) corresponding to CL, CL10%,

and CL-20%, there was no load x sex interaction (F(2, 38) = 0.114, p = 0.892, pη2 =

0.006) or main effect for sex (F(1, 19) = 0.118, p = 0.735, pη2 = 0.006). There was a main
effect for load (F(1.112, 21.128) = 204.911, p < 0.001, pη2 = 0.915), and follow-up analyses
indicated the relative load (%1RM) corresponding to CL (24.9 ± 7.2%) was greater than
the %1RM corresponding to CL-10% (22.4 ± 6.4%, p < 0.001, d = 0.37) and to CL-20% (19.8
± 5.7%, p < 0.001, d = 0.79), and that the %1RM corresponding to CL-10% was greater than
the %1RM corresponding to CL-20% (p < 0.001, d = 0.43) (Table 3).

There was a load x sex interaction (F(5, 95) = 2.636, p = 0.028, pη2 = 0.122) for the
number of repetitions completed. For the women, there was a significant one-way repeated
measures ANOVA (F(1.221, 12.215) = 48.639, p < 0.001, pη2 = 0.829) and post-hoc
pairwise comparisons indicated that the number of repetitions completed were significantly
different from one another across all loads (80% 1RM < 70% 1RM < 60% 1RM < 50%
1RM < CL-10% < CL-20%; all loads: p ≤ 0.003, d = 0.72 – 3.96). For the men, there was a
significant one-way repeated measures ANOVA (F(1.091, 9.815) = 35.454, p < 0.001, pη2
= 0.798) and post-hoc pairwise comparisons indicated that the number of repetitions
completed were significantly different from one another across all loads (80% 1RM < 70%
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1RM < 60% 1RM < 50% 1RM < CL-10% < CL-20%; all loads: p ≤ 0.004, d = 0.55 – 3.79).
Independent samples t-test indicated the women completed more repetitions to failure than
the men at 80% 1RM (p = 0.044, d = 1.18), 60% 1RM (p = 0.025, d = 1.13), and 50% 1RM
(p = 0.022, d = 1.25), but there was no difference between sexes for number of repetitions
completed to failure at 70% 1RM (p = 0.135, d = 0.63), CL-10% (p = 0.118, d = 0.75), or
CL-20% (p = 0.085, d = 0.81) (Table 4).

For total volume accumulation, there was no load x sex interaction (F(5, 95) =
0.317,p = 0.902, pη2 = 0.016) or main effect for sex (F(1, 19) = 1.014, p = 0.327, pη2 =
0.051). There was a main effect for load (F(1.412, 26.824) = 31.675, p < 0.001, pη2 = 0.625)
and post-hoc pairwise comparisons indicated all loads were significantly different from
one another (all loads: p ≤ 0.002, d = 0.40 – 2.10). For time under tension, there was no
load x sex interaction (F(5, 95) = 2.227, p = 0.058, pη2 = 0.105) or main effect for sex (F(1,
19) = 3.505, p = 0.077, pη2 = 0.156). There was a main effect for load (F(1.167, 22.175) =
84.568, p < 0.001, pη2 = 0.817) and post-hoc pairwise comparisons indicated all loads were
significantly different from one another (all loads: p < 0.001, d = 0.61 – 3.28). Table 4
includes the individual and composite responses for total volume and time under tension.

4.1.4

Performance Fatigability

There was no load x time x sex interaction (F(5, 95) = 0.803, p = 0.551, pη2 = 0.041)
or interaction for time x sex (F(1, 19) = 0.588, p = 0.453, pη2 = 0.030) for pre- versus postexercise MVC force. There was a load x sex interaction (F(5, 95) = 2.889, p = 0.018, pη2
= 0.132) and a load x time interaction (F(2.290, 45.810) = 34.131, p < 0.001, pη2 = 0.631).
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Because all three variables were involved in a 2-way interaction, the model was
decomposed with separate 2-way, load x time repeated measures ANOVAs for the men
and the women. (Table 5).

For the women, there was a significant load x time interaction (F(2.306, 23.065) =
34.899, p < 0.001, pη2 = 0.777). For pre-MVC force, the follow-up one-way repeated
measures ANOVA was not significant (F(5, 50) = 1.213, p = 0.317, pη2 = 0.108). There
was a significant one-way repeated measures ANOVA for post-MVC force (F(2.305,
23.055) = 40.242, p < 0.001, pη2 = 0.801). Follow-up pairwise comparisons indicated postMVC force for 80% 1RM (303.7 ± 58.9 N), 70% 1RM (295.4 ± 49.5 N), 60% 1RM (266.5
± 52.2 N) and 50% 1RM (251.9 ± 34.0 N) was greater than post-MVC force for CL-10%
(116.8 ± 69.0 N; all loads: p < 0.001, d = 2.45 – 2.98) and CL-20% (105.9 ± 77.8 N; all
loads: p < 0.001, d = 2.42 – 2.91). In addition, 80% 1RM (p = 0.015, d = 1.08) and 70%
1RM (p = 0.025, d = 1.04) post-MVC force was greater than 50% 1RM force, and 70%
1RM force was greater than 60% 1RM force (p = 0.034, d = 0.58). Post-MVC force was
not different between CL-10% and CL-20% (p = 0.520, d = 0.15). The post-MVC force for
80% 1RM was not different than 70% 1RM (p = 0.510, d = 0.14) or 60% 1RM (p = 0.062,
d = 0.69) and the post-MVC force for 50% 1RM was not different than 60% 1RM (p =
0.283, d = 0.33). Paired samples t-tests indicated post-MVC force was less than pre-MVC
force for 60% 1RM (p = 0.020, d = 0.92), 50% 1RM (p < 0.001, d = 2.07), CL-10% (p <
0.001 d = 3.16), and CL-20% (p < 0.001, d = 3.40), but not for 80% 1RM (p = 0.063, d =
0.44) or 70% 1RM (p = 0.075, d = 0.43).
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For the men, there was a significant load x time interaction (F(2.101, 18.911) =
8.526, p = 0.002, pη2 = 0.486). There was a significant one-way repeated measures
ANOVA for pre-MVC force (F(5, 45) = 2.440, p = 0.049, pη2 = 0.213). Follow-up pairwise
comparisons indicated pre-MVC force at 80% 1RM (390.5 ± 97.2 N) was less than preMVC force at 70% 1RM (425.4 ± 113.0 N; p = 0.027, d = 0.29), 60% 1RM (424.0 ± 111.6
N; p = 0.027, d = 0.28), CL-10% (442.1 ± 123.6 N; p = 0.027, d = 0.42), and CL-20% (426.4
± 124.8 N; p = 0.037, d = 0.28), but not different from 50% 1RM (421.2 ± 97.9 N; p =
0.167, d = 0.27). There were no differences between any other loads (p = 0.196 – 0.925, d
= 0.01 – 0.19). There was a significant one-way repeated measures ANOVA for post-MVC
force (F(1.939, 17.447) = 6.506, p = 0.008, pη2 = 0.420). Follow-up pairwise comparisons
indicated post-MVC force for 80% 1RM (333.5 ± 88.7 N) and 60% 1RM (351.2 ± 90.4 N)
were not different from one another (p = 0.220; d = 0.20) but were greater than post-MVC
force for CL-10% (249.2 ± 168.4 N; p = 0.033 – 0.037, d = 0.63 – 0.75). In addition, postMVC force for 80% 1RM, 70% 1RM (350.9 ± 96.6 N), 60% 1RM, and 50% 1RM (341.0
± 110.0) was greater than post-MVC for CL-20% (210.6 ± 146.9 N; p = 0.007 – 0.033, d =
1.00 – 1.15). Post-MVC force for 80% 1RM, 70% 1RM, 60% 1RM, and 50% 1RM were
not different from one another (p = 0.220 – 0.981, d = 0.003 – 0.10). Post-MVC force for
70% 1RM and 50% 1RM were not different from CL-10% (p = 0.064 – 0.071, d = 0.65 –
0.74). Further, post-MVC force for CL-10% and CL-20% were not different from one another
(p = 0.287, d = 0.24). Paired samples t-tests indicated the pre-MVC values were greater
than post-MVC values for all loads (p = 0.001 – 0.005; d =0.66 – 1.58) (Table 5).

For percent change (performance fatigability) from pre- to post-exercise MVC,
there was a significant load x sex interaction (F(5, 95) = 3.056, p = 0.013, pη2 = 0.139).
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For the women, there was a significant follow-up one-way repeated measures ANOVA
(F(5, 50) = 34.281, p < 0.001, pη2 = 0.774). Post-hoc pairwise comparisons indicated the
percent change from pre- to post-exercise MVC for 80% 1RM (7.2 ± 14.4%), 70% 1RM
(6.6 ± 11.9%), 60% 1RM (13.8 ± 15.4%), and 50% 1RM (21.5 ± 10.7%) was less than the
percent change for CL-10% (61.3 ± 26.1%; all loads: p < 0.001, d = 2.00 – 2.70) and CL-20%
(69.4 ± 21.4%; all loads: p < 0.001, d = 2.83 – 3.63). In addition, the percent change from
pre- to post-exercise for 80% 1RM (p = 0.003, d = 1.13) and 70% 1RM (p = 0.005, d =
1.32) were less than 50% 1RM. There were no differences in percent change from pre- to
post-exercise between 80% 1RM, 70% 1RM, and 60% 1RM (p = 0.075 – 0.906, d = 0.05
– 0.52). In addition, the percent change from pre- to post-exercise MVC was not different
between 50% 1RM and 60% 1RM (p = 0.103, d = 0.58) or between CL-10% and CL-20% (p
= 0.195, d = 0.34) (Table 5).

For the men, there was a significant follow-up one-way repeated measures ANOVA
(F(1.882, 16.940) = 9.542, p = 0.002, pη2 = 0.515). Post-hoc pairwise comparisons
indicated the percent change from pre- to post-exercise MVC for 80% 1RM (15.2 ±
11.2%), 70% 1RM (17.5 ± 10.4%), 60% 1RM (16.5 ± 9.9%), and 50% 1RM (20.4 ± 12.6%)
were not different from one another (p = 0.273 – 0.762, d = 0.10 – 0.44) but were less than
the percent change from pre- to post-exercise MVC for CL-10% (44.7 ± 33.1%; all loads: p
= 0.009 – 0.039, d = 0.97 – 1.19) and CL-20% (51.3 ± 26.1%; all loads: p = 0.001 – 0.007,
d = 1.51 – 1.80). In addition, there were no differences in percent change from pre- to postexercise MVC for CL-10% or CL-20% (p = 0.388, d = 0.22). (Table 5).
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Independent samples t-tests indicated the women had less performance fatigability
than the men at 70% 1RM (p = 0.039, d = 0.98), but there was no difference between the
sexes for any other load (p = 0.097 – 0.828, d = 0.09 – 0.76). (Table 5).

4.1.5

Muscle Activation

For muscle activation (EMG AMP normalized to the 1RM), there was no 4-way
muscle x load x time x sex interaction (F(10, 190) = 0.569, p = 0.838, pη2 = 0.029). There
were no 3-way interactions for muscle x time x sex (F(2, 38) = 1.200, p = 0.312, pη2 =
0.059) or for muscle x load x sex (F(10, 190) = 0.734, p = 0.692, pη2 = 0.037). There were
3-way interactions for muscle x load x time (F(10, 190) = 1.883, p = 0.050, pη2 = 0.090)
and for load x time x sex (F(5, 95) = 3.153, p = 0.011, pη2 = 0.142). Because all four
variables were involved in a 3-way interaction, the model was decomposed with separate
3-way, muscle x time x load repeated measures ANOVAs for the men and the women.

For the women, there was a muscle x load x time interaction (F(10, 100) = 1.952,
p = 0.047, pη2 = 0.163). Follow-up analyses included 3, separate load x time repeated
measures ANOVAs for each muscle (VL, VM, and RF).

VL. For the VL, there was no significant load x time interaction (F(2.889, 28.892)
= 2.030, p = 0.134, pη2 = 0.169). There were main effects for time (F(1, 10) = 229.460, p
< 0.001, pη2 = 0.958) and load (F(5, 50) = 22.769, p < 0.001, pη2 = 0.695). A follow-up
paired samples t-test (collapsed across load) indicated muscle activation during the initial
10% of repetitions completed (58.8 ± 11.8%) was less than muscle activation during the
final 10% of repetitions completed (93.1 ± 15.5%; p < 0.001, d = 2.49). There was a
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significant follow-up repeated measures ANOVA (collapsed across time) (F(5, 50) =
23.235, p < 0.001, pη2 = 0.699). Post-hoc pairwise comparisons indicated muscle activation
during repetitions completed at 50% 1RM (73.9 ± 11.9%), 60% 1RM (84.3 ± 18.8%), 70%
1RM (89.2 ± 21.7%), and 80% 1RM (96.8 ± 17.1%) was greater than muscle activation
during repetitions completed at CL-10% (54.7 ± 14.0%; all loads: p ≤ 0.001, d = 1.48 – 2.69)
and CL-20% (56.9 ± 17.9%; all loads: p ≤ 0.005, d = 1.12 – 2.28). In addition, muscle
activation during repetitions completed at 80% 1RM (96.8 ± 17.1%) was greater than
muscle activation during repetitions completed at 50% 1RM (79.9 ± 11.9%; p < 0.001, d =
1.55) and 60% 1RM (84.3 ± 18.8%; p = 0.041, d = 0.70) but was not different than 70%
1RM (89.2 ± 21.7%; p = 0.316, d = 0.39). Muscle activation at 70% 1RM was greater than
muscle activation at 50% 1RM (p = 0.012, d = 0.87) but not 60% 1RM (p = 0.453, d =
0.24). Muscle activation was not different between 50% 1RM and 60% 1RM (p = 0.067, d
= 0.66) or between CL-10% and CL-20% (p = 0.400, d = 0.14). Table 6 includes the muscle
activation for the initial and final 10% of total repetitions completed for the men and the
women for each load.

VM. There was a significant load x time interaction (F(2.282, 22.819) = 5.669, p =
0.008, pη2 = 0.362). Follow-up paired samples t-tests indicated muscle activation during
the initial 10% of repetitions completed was less than muscle activation during the final
10% of repetitions completed for all loads (all loads: p ≤ 0.001, d = 1.18 – 3.14). There
was a significant follow-up one-way repeated measures ANOVA (F(5, 50) = 29.358, p <
0.001, pη2 = 0.746) for muscle activation during the initial 10% of repetitions completed.
Post-hoc pairwise comparisons indicated muscle activation during the initial 10% of
repetitions completed at 50% 1RM (59.3 ± 26.6%), 60% 1RM (66.2 ± 15.8%), 70% 1RM
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(78.5 ± 14.1%), and 80% 1RM (84.1 ± 25.2%) was greater than muscle activation during
repetitions completed at CL-10% (34.4 ± 18.2%; all loads: p < 0.001, d = 1.09 – 2.71) and
CL-20% (37.6 ± 14.3%; all loads: p ≤ 0.02, d = 1.02 – 2.88). In addition, muscle activation
at 80% 1RM was greater than muscle activation at 50% 1RM (p < 0.001, d = 0.96) and at
60% 1RM (p = 0.045, d = 0.85) during the initial 10% of repetitions completed, but there
were no differences in muscle activation between 70% 1RM and 80% 1RM (p = 0.415, d
= 0.27). Muscle activation during the initial 10% of repetitions completed at 70% 1RM
was greater than muscle activation at 50% 1RM (p = 0.024, d = 0.90) but was not different
from 60% 1RM (p = 0.073, d = 0.82). The initial 10% muscle activation was not different
between 50% 1RM and 60% 1RM (p = 0.324, d = 0.32). There was no difference in muscle
activation for the initial 10% of repetitions completed between CL-10% and CL-20% (p =
1.000, d = 0.20). The follow-up one-way repeated measures ANOVA for muscle activation
during the final 10% of repetitions completed indicated no significant differences in muscle
activation across loads (F(5, 50) = 1.771, p = 0.136, pη2 = 0.150). Table 7 includes the
muscle activation for the initial and final 10% of total repetitions completed for the men
and the women for each load.

RF. There was a significant load x time interaction (F(5, 50) = 3.906, p = 0.005,
pη2 = 0.281). Post-hoc paired samples t-test indicated muscle activation during the initial
10% of repetitions completed was less than muscle activation during the final 10% of
repetitions completed for all loads (all loads: p ≤ 0.001, d = 1.27 – 4.02). There was a
significant follow-up one-way repeated measures ANOVA for muscle activation during
the initial 10% of repetitions completed (F(5, 50) = 68.558, p < 0.001, pη2 = 0.873). Posthoc pairwise comparisons indicated muscle activation during the initial 10% of repetitions
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completed at 50% 1RM (59.5 ± 18.0%), 60% 1RM (67.4 ± 16.3%), 70% 1RM (82.7 ±
21.0%), and 80% 1RM (95.6 ± 13.8%) was greater than muscle activation at CL-10% (25.6
± 9.5%; all loads: p < 0.001, d = 2.36 – 5.91) and CL-20% (28.9 ± 12.7%; all loads: p <
0.001, d = 1.96 – 5.03). In addition, muscle activation during the initial 10% of repetitions
completed at 80% 1RM was greater than muscle activation at 50% 1RM (p < 0.001, d =
2.25), 60% 1RM (p < 0.001, d = 1.87), and 70% 1RM (p = 0.025, d = 0.73). Muscle
activation during the initial 10% of repetitions completed at 70% 1RM was also greater
than muscle activation during repetitions at 50% 1RM (p = 0.001, d = 1.19) and 60% 1RM
(p = 0.018, d = 0.81). Further, muscle activation during the initial 10% of repetitions
completed at 50% 1RM was not different than muscle activation at 60% 1RM (p = 0.138,
d = 0.46). There was no difference in muscle activation between CL-10% and CL-20% during
the initial 10% of repetitions completed (p = 0.216, d = 0.29). There was a significant
follow-up one-way repeated measures ANOVA for muscle activation during the final 10%
of repetitions completed (F(5, 50) = 6.582, p < 0.001, pη2 = 0.397). During the final 10%
of repetitions completed, muscle activation during repetitions completed at 80% 1RM
(140.9 ± 34.0%), 70% 1RM (125.9 ± 43.4%), and 50% 1RM (123.3 ± 40.3%) was greater
than muscle activation during repetitions completed at CL-10% (92.6 ± 21.6%; all loads: p
= 0.002 – 0.047, d = 0.95 – 1.70) and CL-20% (101.2 ± 36.5%; all loads: p = 0.004 – 0.038,
d = 0.57 – 1.13). Muscle activation during the final 10% of repetitions completed at 80%
1RM was greater than at 60% 1RM (117.8 ± 39.5%; p = 0.002, d = 0.43) but was not
different from 50% 1RM (p = 0.061, d = 0.47) or 70% 1RM (p = 0.176, d = 0.38). There
was no difference in muscle activation during the final 10% of repetitions completed
between 50% 1RM, 60% 1RM, and 70% 1RM (all loads: p = 0.263 – 0.623, d = 0.06 –
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0.20), or between CL-10% and CL-20% (p = 0.442, d = 0.29). Table 8 includes the muscle
activation for the initial and final 10% of total repetitions completed for the men and the
women for each load.

For the men, there was no 3-way muscle x load x time interaction (F(10, 90) =
0.443, p = 0.921, pη2 = 0.047). There were no 2-way interactions for load x time (F(5, 45)
= 0.453, p = 0.809, pη2 = 0.048), muscle x time (F(2, 18) = 3.018, p = 0.074, pη2 = 0.251),
or muscle x load (F(10, 90) = 0.538, p = 0.859, pη2 = 0.056). There were main effects for
time (F(1, 9) = 58.302, p < 0.001, pη2 = 0.866) and load (F(2.315, 20.831) = 22.239, p <
0.001, pη2 = 0.712), but not for muscle (F(2, 18) = 1.073, p = 0.363, pη2 = 0.106). Followup paired samples t-test (collapsed across load and muscle) indicated muscle activation
during the initial 10% of repetitions completed (69.7 ± 18.8%) was less than muscle
activation during the final 10% of repetitions completed (102.3 ± 28.0%; p < 0.001, d =
1.37). In addition, there was a significant one-way repeated measures ANOVA (collapsed
across muscle and time) (F(2.314, 20.830) = 22.238, p < 0.001, pη2 = 0.712). Follow-up
post-hoc pairwise comparisons indicated muscle activation during repetitions completed at
50% 1RM (81.8 ± 18.3%), 60% 1RM (101.0 ± 30.4%), 70% 1RM (110.2 ± 25.7%), and
80% 1RM (110.2 ± 42.0%) was greater than muscle activation during repetitions
completed at CL-10% (58.3 ± 22.2%; all loads: p ≤ 0.006, d = 1.16 – 2.16) and CL-20% (54.3
± 19.7%; all loads: p ≤ 0.001, d = 1.45 – 2.44). Muscle activation during repetitions
completed at 60% 1RM, 70% 1RM, and 80% 1RM were not different from one another
(all loads: p = 0.183 – 0.998, d = 0.00 – 0.33) but were greater than 50% 1RM (all loads:
p = 0.001 – 0.035, d = 0.77 – 1.27). In addition, muscle activation was not different between
repetitions completed at CL-10% and CL-20% (p = 0.122, d = 0.19). Table 9 includes the
75

muscle activation for the initial and final 10% of total repetitions completed (collapsed
across load) and for load (collapsed across time) for the men.

4.1.6

Muscle Oxygen Saturation

There was a significant 3-way load x time x sex interaction (F(40, 760) = 1.654, p
= 0.007, pη2 = 0.080) for percent muscle oxygen saturation (%SmO2).
To examine the pattern of responses and time course of change for %SmO2, the
model was decomposed with 5, separate 2-way sex x time mixed model ANOVAs for each
load (50%, 60%, and 70% 1RM; CL-10% and CL-20%).
50% 1RM. There was no significant sex x time interaction (F(10, 190) = 0.939, p =
0.499, pη2 = 0.047) or main effect for sex (F(1, 19) = 1.953, p = 0.178, pη2 = 0.093). There
was a main effect for time (F(1.439, 27.339) = 56.747, p < 0.001, pη2 = 0.749). Polynomial
regression indicated a cubic relationship (R2 = 0.987, p = 0.012) and post-hoc Student
Newman-Keuls indicated %SmO2 decreased from the initial repetition from 20-100% of
total repetitions completed (Figure 2).
60% 1RM. There was a significant sex x time interaction (F(10, 190) = 5.165, p <
0.001, pη2 = 0.214). Follow-up paired samples t-tests indicated %SmO2 was higher in the
women than the men from 50-100% of total repetitions completed (all loads: p = 0.003 –
0.008, d = 1.37 – 1.75; Figure 2). There were significant follow-up one-way repeated
measures ANOVAs for the women (F(1.425, 14.245) = 27.162, p < 0.001, pη2 = 0.731)
and the men (F(10, 90) = 164.663. p < 0.001. pη2 = 0.948). Polynomial regression indicated
a quadratic relationship for the women (R2 = 0.971, p < 0.001) and the men (R2 = 0.979, p
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< 0.001) and post-hoc Student Newman-Keuls indicated decreases in %SmO2 from the
initial repetition from 20-100% of total repetitions completed for both sexes (Figure 2).
70% 1RM. There was no significant sex x time interaction (F(10, 190) = 1.511, p =
0.138, pη2 = 0.074). There were main effects for time (F(1.391, 26.431) = 68.796, p <
0.001, pη2 = 0.784) and sex (F(1, 19) = 4.644, p = 0.044, pη2 = 0.196). Follow-up paired
samples t-test (collapsed across time) indicated the women (34.0 ± 14.5%) had a higher
%SmO2 compared to the men (23.5 ± 5.2%; p = 0.044, d = 0.96). There was a significant
follow-up one-way repeated measures ANOVA (collapsed across sex) (F(1.433, 28.644)
= 66.451, p < 0.001, pη2 = 0.769). Polynomial regression indicated a quadratic relationship
(R2 = 0.983, p < 0.001) and post-hoc Student Newman-Keuls indicated %SmO2 decreased
from the initial repetition from 20-100% of total repetitions completed (Figure 2).
CL-10%. There was no significant sex x time interaction (F(10, 190) = 1.097, p =
0.366, pη2 = 0.055) or main effect for sex (F(1, 19) = 2.575, p = 0.125, pη2 = 0.119). There
was a main effect for time (F(2.402, 45.645) = 48.272, p < 0.001, pη2 = 0.718). Polynomial
regression indicated a cubic relationship (R2 = 0.972, p = 0.003). Post-hoc Student
Newman-Keuls indicated %SmO2 decreased from the initial repetition from 20-100% of
total repetitions completed (Figure 2).
CL-20%. There was no significant sex x time interaction (F(10, 190) = 1.590, p =
0.112, pη2 = 0.077) or main effect for sex (F(1, 19) = 2.310, p = 0.145, pη2 = 0.108). There
was a main effect for time (F(2.581, 49.031) = 54.524, p < 0.001, pη2 = 0.742). Polynomial
regression indicated a cubic relationship (R2 = 0.971, p = 0.003) and post-hoc Student
Newman-Keuls indicated %SmO2 decreased from the initial repetition from 20-100% of
total repetitions completed (Figure 2).
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To examine sex-dependent responses in %SmO2, the model was decomposed with
11, separate 2-way sex x load mixed model ANOVAs for each % of total repetitions
completed (initial, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%). Table
10 includes the mean (SD) for %SmO2 corresponding to each load and timepoint.
Initial Repetition. There was no sex x load interaction (F(4, 76) = 0.672, p = 0.613,
pη2 = 0.034), main effect for load (F(4, 76) = 2.111, p = 0.088, pη2 = 0.100), or main effect
for sex (F(1, 19) = 0.387, p = 0.541, pη2 = 0.020).
10% of Repetitions Completed. There was no sex x load interaction (F(4, 76) =
0.655, p = 0.625, pη2 = 0.033), main effect for load (F(2.726, 51.802) = 0.608, p = 0.598,
pη2 = 0.031), or main effect for sex (F(1, 19) = 0.057, p = 0.815, pη2 = 0.003).
20% of Repetitions Completed. There was no sex x load interaction (F(4, 76) =
0.655, p = 0.625, pη2 = 0.033) or main effect for sex (F(1, 19) = 1.158, p = 0.295, pη2 =
0.057). There was a main effect for load (F(4, 76) = 4.936, p = 0.001, pη2 = 0.196). Posthoc pairwise comparisons indicated %SmO2 during repetitions completed to failure at 70%
1RM (44.3 ± 13.9%) was higher at the 20% time point than during repetitions completed
to failure at 50% 1RM (34.8 ± 14.1%; p = 0.008, d = 0.68), 60% 1RM (37.3 ± 11.6%; p =
0.027, d = 0.55), CL-10% (34.0 ± 11.0%; p = 0.005, d = 0.82), and CL-20% (30.9 ± 13.3%; p
< 0.001, d = 0.99). The %SmO2 at 50% 1RM, 60% 1RM, CL-10%, and CL-20% were not
different from one another at the 20% time point (all loads: p = 0.090 – 0.827, d = 0.06 –
0.51).
30% of Repetitions Completed. There was no sex x load interaction (F(4, 76) =
0.840, p = 0.504, pη2 = 0.042) or main effect for sex (F(1, 19) = 2.502, p = 0.130, pη2 =
0.116). There was a main effect for load (F(4, 76) = 4.296, p = 0.003, pη2 = 0.184). Post-
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hoc pairwise comparisons indicated %SmO2 during repetitions completed to failure at 70%
1RM (33.4 ± 13.9%) was higher at the 30% time point than during repetitions completed
to failure at 50% 1RM (21.7 ± 13.7%; p = 0.001, d =0.85), 60% 1RM (23.1 ± 12.4%; p =
0.001, d = 0.78), and CL-20% (27.0 ± 14.2%; p = 0.047, d = 0.46) but was not different than
CL-10% (28.2 ± 13.0%; p = 0.149, d = 0.39). There were no differences in %SmO2 between
50% 1RM, 60% 1RM, CL-10%, and CL-20% at the 30% time point (all loads: p = 0.117 –
0.586, d = 0.09 – 0.49).
40% of Repetitions Completed. There was no sex x load interaction (F(4, 76) =
0.840, p = 0.504, pη2 = 0.042). There were main effects for sex (F(1, 19) = 4.517, p = 0.047,
pη2 = 0.192) and for load (F(4, 76) = 8.847, p < 0.001, pη2 = 0.318). Follow-up paired
samples t-test (collapsed across load) indicated the women (26.4 ± 11.9%) had a higher
%SmO2 than the men (17.2 ± 7.0%; p = 0.047, d = 0.94) at the 40% 1RM time point. Posthoc pairwise comparisons indicated %SmO2 during repetitions completed to failure at 70%
1RM (24.0 ± 14.2%), CL-10% (28.0 ± 12.5%), and CL-20% (26.3 ± 13.3%) were not different
from one another (all loads: p = 0.202 – 0.387, d = 0.13 – 0.30) but were higher at the 40%
time point than during repetitions completed to failure at 50% 1RM (16.0 ± 13.9%; all
loads: p = 0.002 – 0.004) and 60% 1RM (all loads: 15.8 ± 12.5%; p ≤ 0.001, d = 0.57 –
0.98). There were no differences in %SmO2 between 50% 1RM and 60% 1RM at the 40%
time point (p = 0.941, d = 0.02).
50% of Repetitions Completed. There was no sex x load interaction (F(4, 76) =
0.297, p = 0.879, pη2 = 0.015). There were main effects for sex (F(1, 19) = 6.259, p = 0.022,
pη2 = 0.248) and for load (F(2.286, 43.425) = 11.654, p < 0.001, pη2 = 0.380). Follow-up
paired samples t-test (collapsed across load) indicated the women (24.9 ± 11.7%) had a
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higher %SmO2 than the men (14.0 ± 7.8%; p = 0.022, d = 1.10) at the 50% 1RM time point.
Post-hoc pairwise comparisons indicated %SmO2 during repetitions completed to failure
at CL-10% (26.9 ± 12.7%) and CL-20% (25.7 ± 12.7%) were not different from one another
(p = 0.480, d = 0.09) but were higher at the 50% time point than during repetitions
completed to failure at 50% 1RM (15.0 ± 14.3%; all loads: p ≤ 0.004, d = 0.79 – 0.88),
60% 1RM (13.0 ± 12.0%; all loads: p ≤ 0.001, d = 1.03 – 1.13), and 70% 1RM (17.9 ±
15.6%; all loads: p ≤ 0.006, d = 0.55 – 0.63). In addition, %SmO2 during repetitions to
failure at 70% 1RM was greater than during 60% 1RM (p = 0.001, d = 0.35) but not 50%
1RM (p = 0.157, d = 0.19). The %SmO2 during repetitions at 50% 1RM was not different
than the %SmO2 during repetitions at 60% 1RM (p = 0.455, d = 0.15).
60% of Repetitions Completed. There was no sex x load interaction (F(4, 76) =
0.833, p = 0.509, pη2 = 0.042). There were main effects for sex (F(1, 19) = 6.448, p = 0.020,
pη2 = 0.255) and for load (F(2.337, 44.400) = 13.481, p < 0.001, pη2 = 0.415). Follow-up
paired samples t-test (collapsed across load) indicated the women (24.6 ± 11.7%) had a
higher %SmO2 than the men (13.4 ± 8.0%; p = 0.020, d = 1.12) at the 60% 1RM time point.
Post-hoc pairwise comparisons indicated %SmO2 during repetitions completed to failure
at CL-10% (27.0 ± 12.1%), and CL-20% (25.1 ± 11.7%) were not different from one another
(p = 0.241, d = 0.16) but were higher at the 60% time point than during repetitions
completed to failure at 50% 1RM (15.5 ± 14.9%; all loads: p ≤ 0.003, d = 0.72 – 0.85),
60% 1RM (12.9 ± 11.8%; all loads: p ≤ 0.001, d = 1.04 – 1.18), and 70% 1RM (15.9 ±
16.2%; all loads: p ≤ 0.002, d = 0.65 – 0.78). There were no differences in %SmO2 between
50% 1RM, 60% 1RM, and 70% 1RM at the 60% time point (all loads: p = 0.135 – 0.852,
d = 0.03 – 0.21).
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70% of Repetitions Completed. There was no sex x load interaction (F(4, 76) =
1.267, p = 0.290, pη2 = 0.063). There were main effects for sex (F(1, 19) = 6.095, p = 0.023,
pη2 = 0.243) and for load (F(2.572, 48.862) = 12.666, p < 0.001, pη2 = 0.400). Follow-up
paired samples t-test (collapsed across load) indicated the women (24.4 ± 11.5%) had a
higher %SmO2 than the men (13.5 ± 8.1%; p = 0.023, d = 1.10) at the 70% 1RM time point.
Post-hoc pairwise comparisons indicated %SmO2 during repetitions completed to failure
at CL-10% (27.1 ± 10.9%) and CL-20% (24.5 ± 11.5%) were not different from one another
(p = 0.171, d = 0.23) but were higher at the 70% time point than during repetitions
completed to failure at 50% 1RM (15.7 ± 15.4%; all loads: p ≤ 0.003, d = 0.65 – 0.85),
60% 1RM (12.9 ± 11.7%; all loads: p ≤ 0.001, d = 1.00 – 1.26), and 70% 1RM (16.0 ±
16.5%; all load: p ≤ 0.005, d = 0.60 – 0.79). There were no differences in %SmO2 between
50% 1RM, 60% 1RM, and 70% 1RM at the 70% time point (all loads: p = 0.141 – 0.905,
d = 0.02 – 0.22).
80% of Repetitions Completed. There was no sex x load interaction (F(4, 76) =
1.748, p = 0.148, pη2 = 0.084). There were main effects for sex (F(1, 19) = 5.483, p = 0.030,
pη2 = 0.224) and for load (F(2.231, 42.390) = 12.532, p < 0.001, pη2 = 0.397). Follow-up
paired samples t-test (collapsed across load) indicated the women (24.8 ± 11.2%) had a
higher %SmO2 than the men (14.7 ± 8.3%; p = 0.030, d = 1.02) at the 80% 1RM time point.
Post-hoc pairwise comparisons indicated %SmO2 during repetitions completed to failure
at CL-10% (27.7 ± 11.2%) and CL-20% (26.2 ± 10.5%) was not different from one another (p
= 0.383, d = 0.14) but was higher at the 80% time point than during repetitions completed
to failure at 50% 1RM (16.4 ± 15.8%; all loads: p ≤ 0.006, d = 0.73 – 0.83), 60% 1RM
(13.4 ± 12.1%; all loads: p < 0.001, d = 1.13 – 1.23), and 70% 1RM (16.3 ± 16.7%; all
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loads: p = 0.003, d = 0.71 – 0.80). There were no differences in %SmO2 between 50%
1RM, 60% 1RM, and 70% 1RM at the 80% time point (all loads: p = 0.204 – 0.960, d =
0.01 – 0.21).
90% of Repetitions Completed. There was no sex x load interaction (F(4, 76) =
1.718, p = 0.155, pη2 = 0.083). There were main effects for sex (F(1, 19) = 5.462, p = 0.031,
pη2 = 0.223) and for load (F(2.098, 39.868) = 9.784, p < 0.001, pη2 = 0.340). Follow-up
paired samples t-test (collapsed across load) indicated the women (25.7 ± 11.1%) had a
higher %SmO2 than the men (15.6 ± 8.4%; p = 0.031, d = 1.03) at the 90% 1RM time point.
Post-hoc pairwise comparisons indicated %SmO2 during repetitions completed to failure
at CL-10% (27.8 ± 11.3%;) and CL-20% (27.2 ± 10.8%) was not different from one another
(p = 0.728, d = 0.05) but was higher at the 90% time point than during repetitions completed
to failure at 50% 1RM (17.6 ± 16.1%; all loads: p ≤ 0.013, d = 0.70 – 0.73), 60% 1RM
(14.5 ± 12.9%; all loads: p < 0.001, d = 1.07 – 1.10), and 70% 1RM (17.2 ± 16.8%; all
loads: p ≤ 0.007, d = 0.71 – 0.74). There were no differences in %SmO2 between 50%
1RM, 60% 1RM, and 70% 1RM at the 90% time point (all loads: p = 0.272 – 0.845, d =
0.02 – 0.21).
100% of Repetitions Completed. There was no sex x load interaction (F(4, 76) =
2.052, p = 0.095, pη2 = 0.097 There were main effects for sex (F(1, 19) = 5.080, p = 0.036,
pη2 = 0.211) and for load (F(2.076, 39.451) = 6.395, p = 0.004, pη2 = 0.252). Follow-up
paired samples t-test (collapsed across load) indicated the women (27.9 ± 11.2%) had a
higher %SmO2 than the men (18.2 ± 8.1%; p = 0.036, d = 0.99) at the 100% 1RM time
point. Post-hoc pairwise comparisons indicated %SmO2 during repetitions completed to
failure at CL-10% (29.7 ± 11.4%) and CL-20% (28.0 ± 11.5%) was not different from one
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another (p = 0.360, d = 0.15) but was higher at the 100% time point than during repetitions
completed to failure at 60% 1RM (17.3 ± 13.6%; all loads: p = 0.001, d = 0.85 – 0.99) and
70% 1RM (20.1 ± 17.2%; all loads: p ≤ 0.045, d = 0.54 – 0.66). There were no differences
in %SmO2 between 50% 1RM, 60% 1RM, and 70% 1RM at the 100% time point (all loads:
p = 0.279 – 0.661, d = 0.05 – 0.25). The %SmO2 at the 100% time point was higher during
repetitions completed at CL-10% than at 50% 1RM (21.0 ± 15.9; p = 0.031, d = 0.63). In
addition, %SmO2 at the 100% time point was not different between 50% 1RM and CL-20%
(p = 0.080, d = 0.50).

4.1.7

Neuromuscular Parameters: Time Course of Changes and Patterns of
Responses
4.1.7.1 EMG AMP

There were no muscle x load x time x sex (F(80, 1520) = 1.114, p = 0.234, pη2 =
0.055), muscle x time x sex (F(20, 380) = 0.701, p = 0826, pη2 = 0.036), or muscle x load
x sex (F(8, 152) = 1.501, p = 0.161, pη2 =0.073) interactions. There were 3-way interactions
for muscle x load x time (F(80, 1520) = 3.850, p < 0.001, pη2 = 0.168) and load x time x
sex (F(40, 760) = 5.145, p < 0.001, pη2 = 0.213). Because all four variables were involved
in a 3-way interaction, the model was decomposed with separate 3-way, muscle x time x
load repeated measures ANOVAs for the men and the women.

For the women, there was a significant 3-way muscle x load x time interaction
(F(80, 800) = 2.812, p < 0.001, pη2 = 0.219). Follow-up analyses included 5, separate
muscle x time repeated measures ANOVAs for each load (50%, 60%, and 70% 1RM; CL10%

and CL-20%).
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50% 1RM. There was a significant muscle x time interaction (F(20, 200) = 2.573,
p < 0.001, pη2 = 0.205). There were significant follow-up one-way repeated measures
ANOVAs for the VL (F(3.996, 39.964) = 30.224, p < 0.001, pη2 = 0.751), VM (F(2.175,
21.753) = 19.680, p < 0.001, pη2 = 0.663), and RF (F(2.321, 231.214) = 26.510, p < 0.001,
pη2 = 0.726). Polynomial regression analyses indicated a cubic relationship for the VL (R2
= 0.996, p = 0.001) and the VM (R2 = 0.996, p < 0.001), and a positive, linear relationship
for the RF (r2 = 0.995, p < 0.001). Post-hoc Student Newman-Keuls analyses indicated
EMG AMP increased from the initial repetition from 10-100% of total repetitions
completed for the VL. For both the VM and the RF, EMG AMP increased from the initial
repetition from 20-100% of total repetitions completed (Figure 3).

60% 1RM. There was no muscle x time interaction (F(20, 200) = 1.568, p = 0.064,
pη2 = 0.136) or main effect for muscle (F(1.318, 13.179) = 0.402, p = 0.674, pη2 = 0.039).
There was a main effect for time (F(1.962, 19.620) = 38.670, p < 0.001, pη2 = 0.795). There
was a significant follow-up one-way repeated measures ANOVA (collapsed across muscle
[F(2.435, 24.350) = 38.674, p < 0.001, pη2 = 0.795]) and polynomial regression
demonstrated a quadratic relationship (R2 = 0.997, p < 0.001). During repetitions
completed to failure at 60% 1RM, post-hoc Student Newman-Keuls demonstrated that
EMG AMP increased from the initial repetition from 10-100% of total repetitions
completed (Figure 3).

70% 1RM. There was no muscle x time interaction (F(20, 200) = 0.479, p = 0.972,
pη2 = 0.046) or main effect for muscle (F(2, 20) = 0.108, p = 0.898, pη2 = 0.011), but there
was a main effect for time (F(2.723, 27.230) = 41.312, p < 0.001, pη2 = 0.805). The follow84

up one-way repeated measure ANOVA (collapsed across muscle [F(3.842, 38.416) =
41.308, p < 0.001, pη2 = 0.805]) and polynomial regression indicated a quadratic
relationship (R2 = 0.983 , p < 0.001). Post-hoc Student Newman-Keuls indicated that EMG
AMP increased from the initial repetition beginning at 10% of total repetitions completed
and continued until task failure (Figure 3).

CL-10%. For CL-10%, there was a significant muscle x time interaction (F(20, 200) =
3.318, p < 0.001, pη2 = 0.249). There were significant one-way repeated measures
ANOVAs for the VL (F(1.474, 14.736) = 21.864, p < 0.001, pη2 = 0.686), VM (F(1.124,
11.240) = 16.649, p = 0.001, pη2 = 0.625), and RF (F(1.374, 13.744) = 32.385, p < 0.001,
pη2 = 0.764). Polynomial regression indicated the VL demonstrated a cubic relationship
(R2 = 0.997, p = 0.020) and post-hoc Student Newman-Keuls demonstrated an increase in
EMG AMP from the initial repetition from 20-100% of total repetitions completed (Figure
3). Polynomial regression for both the VM (R2 = 0.999, p = 0.012) and the RF (R2 = 0.998,
p < 0.001) demonstrated cubic increases in EMG AMP that increased from the initial
repetition from 40-100% of total repetitions completed for both muscles (Figure 3).

CL-20%. There was a significant muscle x time interaction (F(20, 200) = 4.062, p <
0.001, pη2 = 0.289) for CL-20%. There were significant one-way repeated measures
ANOVAs for the VL (F(1.702, 17.021) = 41.862, p < 0.001, pη2 = 0.807), VM (F(1.227,
12.275) = 19.644, p < 0.001, pη2 = 0.663), and RF (F(1.854, 18.543) = 46.096, p < 0.001,
pη2 = 0.822). Polynomial regression demonstrated a cubic relationship (R2 = 0.996, p =
0.016) for the VL and post-hoc Student Newman-Keuls indicated that EMG AMP
increased from the initial repetition from 10-100% of total repetitions competed (Figure 3).
85

For the VM, polynomial regression demonstrated a quadratic relationship (R2 = 0.996, p =
0.003) and post-hoc Student Newman-Keuls indicated an increase in EMG AMP from the
initial repetition from 40-100% of total repetitions completed (Figure 3). Polynomial
regression indicated a linear relationship for the RF (R2 = 0.999, p = 0.002) and post-hoc
Student Newman-Keuls demonstrated that EMG AMP increased from the initial repetition
from 30-100% of total repetitions completed (Figure 3).

For the men, there was a significant 3-way muscle x load x time ANOVA (F(80,
720) = 2.156, p < 0.001, pη2 = 0.193). Follow-up analyses included 5, separate muscle x
time repeated measures ANOVAs for each load (50%, 60%, and 70% 1RM; CL-10% and
CL-20%).

50% 1RM. There was a significant muscle x time interaction (F(20, 180) = 3.438,
p < 0.001, pη2 = 0.276). There were significant follow-up one-way repeated measures
ANOVAs for the VL (F(10, 90) = 26.286, p < 0.001, pη2 = 0.745), VM (F(10, 90) = 27.983,
p < 0.001, pη2 = 0.757), and RF (F(10, 90) = 22.579, p < 0.001, pη2 = 0.715). Polynomial
regression demonstrated quadratic relationships for the VL (R2 = 0.982, p = 0.003), VM
(R2 = 0.992, p = 0.042), and RF (R2 = 0.998, p < 0.001). For the VL, post-hoc Student
Newman-Keuls demonstrated an increase in EMG AMP from the initial repetition from
10-100% of total repetitions completed. For the VM, the post-hoc Student Newman-Keuls
demonstrated increases in EMG AMP from the initial repetition from 20-100% of total
repetitions completed, while the post-hoc Student Newman-Keuls for the RF did not
demonstrate an increase from the initial repetition until 50% of total repetitions completed
that continued until task failure (Figure 4).
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60% 1RM. There was no muscle x time interaction (F(20, 180) = 1.464, p = 0.099,
pη2 = 0.140) or main effect for muscle (F(2, 18) = 0.715, p = 0.502, pη2 = 0.074). There
was a main effect for time (F(10, 90) = 24.888, p < 0.001, pη2 = 0.074). There was a
significant follow-up one-way repeated measures ANOVA (collapsed across muscle [F(10,
90) = 24.884, p < 0.001, pη2 = 0.734]). Polynomial regression demonstrated a linear
relationship (r2 = 0.992, p < 0.001) and post-hoc Student Newman-Keuls indicated that
EMG AMP increased from the initial repetition from 20-100% of total repetitions
completed (Figure 4).

70% 1RM. There was a significant muscle x time interaction (F(20, 180) = 1.783,
p = 0.025, pη2 = 0.165) for 70% 1RM. There were significant follow-up one-way repeated
measures ANOVAs for the VL (F(10, 90) = 20.488, p < 0.001, pη2 = 0.695), VM (F(10,
90) = 24.888, p < 0.001, pη2 = 0.734), and RF (F(10, 90) = 21.631, p < 0.001, pη2 = 0.706).
Polynomial regression demonstrated quadratic relationships for the VL (R2 = 0.957, p =
0.002), VM (R2 = 0.988, p < 0.001) and RF (R2 = 0.975, p = 0.035). For the VL, post-hoc
Student Newman-Keuls demonstrated an increase in EMG AMP from the initial repetition
that began at 10% and continued until 100% of total repetitions completed (Figure 4). For
the VM, post-hoc Student Newman-Keuls demonstrated that EMG AMP significantly
increased from the initial repetition from 20-100% of total repetitions to failure, while the
RF did not demonstrate an increase from the initial repetition until 30% of total repetitions
completed but continued to 100% of total repetitions completed (Figure 4).

CL-10%. For CL-10%, there was a significant muscle x time interaction (F(20, 180) =
2.687, p < 0.001, pη2 = 0.230). There were significant one-way repeated measures
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ANOVAs for the VL (F(10, 90) = 17.684, p < 0.001, pη2 = 0.663), VM (F(10, 90) =
18.196, p = 0.001, pη2 = 0.669), and RF (F(10, 90) = 8.675, p < 0.001, pη2 = 0.491).
Polynomial regression demonstrated positive, linear relationships for the VL (r2 = 0.986, p
< 0.001), VM (r2 = 0.998, p < 0.001), and RF (r2 = 0.974, p < 0.001). Post-hoc Student
Newman-Keuls analyses indicated that EMG AMP increased from the initial repetition
beginning at 20% (VL), 30% (VM), and 60% (RF) of total repetitions completed and
continued to increase above the initial repetition until task failure for all 3 muscles (Figure
4).

CL-20%. There was a significant muscle x time interaction (F(20, 180) = 2.286, p =
0.002, pη2 = 0.203) for CL-20%. There were significant one-way repeated measures
ANOVAs for the VL (F(10, 90) = 18.659, p < 0.001, pη2 = 0.675), VM (F(10, 90) = 17.612,
p < 0.001, pη2 = 0.662), and RF (F(10, 90) = 7.700, p < 0.001, pη2 = 0.461). Polynomial
regression for the VL demonstrated a cubic relationship (R2 = 0.993, p = 0.011) and posthoc Student Newman-Keuls indicated that EMG AMP increased from the initial repetition
from 10-100% of total repetitions competed (Figure 4). For the VM, polynomial regression
demonstrated a cubic relationship (R2 = 0.997, p = 0.002) and post-hoc Student NewmanKeuls indicated EMG AMP increased from the initial repetition from 20-100% of total
repetitions completed (Figure 4). Polynomial regression for the RF demonstrated a cubic
relationship (R2 = 0.995, p = 0.024). Post-hoc Student Newman-Keuls demonstrated that
EMG AMP in the RF increased from the initial repetition from 60-100% of total repetitions
completed (Figure 4).
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4.1.7.2 EMG MPF
There were no muscle x load x time x sex (F(12.168, 231.189) = 1.031, p = 0.421,
pη2 = 0.051), muscle x load x time (F(12.168, 231.198) = 1.231, p = 0.261, pη2 = 0.061),
load x time x sex (F(9.157, 173.983) = 1.803, p = 0.069, pη2 = 0.087), muscle x time x sex
(F(4.595, 87.301) = 1.897, p = 0.109, pη2 = 0.091), or muscle x load x sex (F(4.120,
78.275O = 0.440, p = 0.785, pη2 = 0.023) interactions. There were two-way interactions
for load x time (F(9.157, 173.983) = 3.035, p = 0.002, pη2 = 0.138), muscle x time (F(4.595,
87.301) = 3.794, p = 0.005, pη2 = 0.166), and time x sex (F(2.048, 38.905) = 5.989, p =
0.005, pη2 = 0.240). Because all four variables were involved in a 2-way interaction, the
model was decomposed with separate 3-way, muscle x time x load repeated measures
ANOVAs for the men and the women.

For the women, there was no muscle x load x time interaction (F(80, 800) = 1.071,
p = 0.321, pη2 = 0.097. There was no 2-way interaction for muscle x load (F(8, 80) = 1.238,
p = 0.288, pη2 = 0.110), but there was for load x time (F(40, 400) = 1.666, p = 0.008, pη2
= 0.143) and for muscle x time (F(20, 200) = 6.620, p < 0.001, pη2 = 0.398). Therefore, the
follow-up analyses included 5, separate muscle x time repeated measures ANOVAs for
each load (50%, 60%, and 70% 1RM; CL-10%, CL-20%).

50% 1RM. There was a significant muscle x time interaction (F(20, 200) = 1.768,
p = 0.026, pη2 = 0.150) for 50% 1RM. There were significant follow-up one-way repeated
measures ANOVAs for the VL (F(4.962, 49.623) = 24.501, p < 0.001, pη2 = 0.710), VM
(F(4.985, 49.849O = 19.880, p < 0.001, pη2 = 0.665), and RF (F(4.413, 44.127) = 27.673,
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p < 0.001, pη2 = 0.735). Polynomial regression demonstrated a cubic relationship for the
VL (R2 = 0.944, p = 0.050) and post-hoc Student Newman-Keuls indicated EMG MPF
increased from the initial repetition from 10-30% of total repetitions completed, was not
different from the initial between from 40-70% and decreased from the initial repetition
from 80-100% of total repetitions completed (Figure 5). For the VM, polynomial
regression demonstrated a quadratic relationship (R2 = 0.843, p = 0.028). Post-hoc Student
Newman-Keuls for the VM demonstrated the EMG MPF increased from the initial
repetition from 10-20% of total repetitions completed, was not different from the initial
repetition between 30-80% and decreased from the initial repetition from 90-100% of total
repetitions completed (Figure 5). Polynomial regression demonstrated a quadratic
relationship for the RF (R2 = 0.895, p = 0.006) and post-hoc Student Newman-Keuls
indicated that EMG MPF increased from the initial repetition from 10-30% of total
repetitions completed, was not different from the initial repetition from 40-80% and
decreased from 90-100% of total repetitions completed (Figure 5).

60% 1RM. For 60% 1RM, there was a significant muscle x time interaction (F(20,
200) = 2.359, p = 0.001, pη2 = 0.191). There were significant follow-up one-way repeated
measures ANOVAs for the VL (F(10, 100) = 29.941, p < 0.001, pη2 = 0.750), VM
(F(5.326, 53.260) = 21.107, p < 0.001, pη2 = 0.679), and RF (F(5.133, 51.333) = 52.624, p
< 0.001, pη2 = 0.840). Polynomial regression demonstrated a cubic relationship for the VL
(R2 = 0.898, p = 0.015) and post-hoc Student Newman-Keuls indicated an increase from
the initial repetition in EMG MPF from 10-20% of total repetitions completed, no
difference from the initial repetition between 30-70% of total repetitions completed, and a
decrease from the initial repetition from 80-100% of total repetitions completed (Figure 5).
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For the VM, polynomial regression demonstrated a cubic relationship (R2 = 0.956, p =
0.027. Post-hoc Student Newman-Keuls indicated that EMG MPF increased from the
initial repetition from 10-40% of total repetitions completed, was not different than the
initial repetition from 50-80% and decreased from the initial repetition at 90 and 100% of
total repetitions completed (Figure 5). Polynomial regression for the RF demonstrated a
quadratic relationship (R2 = 0.938, p = 0.026) and post-hoc Student Newman-Keuls
indicated an increase in EMG MPF from the initial repetition at 10 and 20% of total
repetitions, no change from 30-50% of total repetitions, and a decrease in EMG MPF from
60-100% of total repetitions completed (Figure 5).

70% 1RM. There was a significant muscle x time interaction (F(20, 200) = 1.873,
p= 0.016, pη2 = 0.158) for 70% 1RM. There were significant follow-up one-way repeated
measures ANOVAs for the VL (F(7.519, 75.191) = 24.646, p < 0.001, pη2 = 0.711), VM
(F(5.070, 50.700) = 21.276, p < 0.001, pη2 = 0.680), and the RF (F(2.972, 29.717) = 35.458,
p < 0.001, pη2 =0.780). Polynomial regression for the VL (R2 = 0.945, p = 0.048), VM (R2
= 0.929, p = 0.045), and RF (R2 = 0.964, p = 0.025) all demonstrated cubic relationships.
For the VL and the VM, post-hoc Student Newman-Keuls demonstrated the EMG MPF
increased from the initial repetition from 10-30% of total repetitions completed, was not
different from the initial repetition between 40-70% of total repetitions completed and
decreased from 80-100% of total repetitions completed (Figure 5). For the RF, post-hoc
Student Newman-Keuls demonstrated an increase in EMG MPF from the initial repetition
from 10-30% of total repetitions completed, no difference from the initial repetition
between 40-60% of total repetitions completed, and a decrease from 70-100% of total
repetitions completed (Figure 5).
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CL-10%. For CL-10%, there was a significant muscle x time interaction (F(20, 200) =
3.289, p < 0.001, pη2 = 0.248). There were significant follow-up one-way repeated
measures ANOVAs for the VL (F(3.357, 33.591) = 25.385, p < 0.001, pη2 = 0.717), VM
(F(3.543, 35.426) = 16.701, p < 0.001, pη2 = 0.625), and RF (F(2.829, 28.288) = 22.029, p
< 0.001, pη2 = 0.688). Polynomial regression demonstrated negative, linear relationships
for the VL (r2 = 0.892, p < 0.001), VM (r2 = 0.766, p < 0.001), and RF (r2 = 0.781, p<
0.001). For the VL, post-hoc Student Newman-Keuls indicated an initial increase from the
first repetition at 10% of total repetitions completed, no difference from the initial
repetition between 20-50%, and then a decrease in EMG MPF from 60-100% of total
repetitions completed (Figure 5). For the VM, post-hoc Student Newman-Keuls
demonstrated EMG MPF increased from the initial repetition from 10-20% of total
repetitions completed, was not different from the initial repetition between 30-80% of total
repetitions completed and decreased from 90-100% of total repetitions completed (Figure
5). Post-hoc Student Newman-Keuls for the RF demonstrated an increase in EMG MPF
from the initial repetition from 10-20% of total repetitions completed, no change from the
initial repetition between 30-70% of total repetitions completed, and a decrease from 80100% of total repetitions completed (Figure 5).

CL-20%. There was a significant muscle x time interaction (F(20, 200) = 6.685, p <
0.001, pη2 = 0.401) for CL-20%. There were significant follow-up one-way repeated
measures ANOVAs for the VL (F(2.231, 22.315) = 28.818,p < 0.001, pη2 = 0.742), VM
(F(3.223, 32.228) = 23.289, p < 0.001, pη2 = 0.700), and RF (F(2650, 26.502) = 33.210, p
< 0.001, pη2 = 0.769). Polynomial regression demonstrated negative, linear relationships
for the VL (r2= 0.955, p < 0.001), VM (r2 = 0.861, p < 0.001), and RF (r2 = 0.914, p <
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0.001). Post-hoc Student Newman-Keuls for the VL demonstrated decreases from the
initial repetition in EMG MPF from 40-100% of total repetitions completed (Figure 5). For
both the VM and the RF, post-hoc Student Newman-Keuls demonstrated an initial increase
in EMG MPF from the first repetition at 10% of total repetitions completed and no
difference from the initial repetition from 20-50% and 20-40%, respectively, of total
repetitions completed. However, there were decreases in EMG MPF for the VM and the
RF that began at 60% and 50% of total repetitions completed, respectively, and continued
until task failure (Figure 5).

For the men, there was no 3-way muscle x load x time (F(80, 720) = 1.138, p =
0.202, pη2 = 0.112) interaction, or 2-way interactions for muscle x time (F(20, 180) = 0.792,
p = 0.721, pη2 = 0.081) or muscle x load (F(2.602, 23.421) = 1.116, p = 0.357, pη2 = 0.110).
There was a load x time interaction (F(40, 360) = 3.374, p < 0.001, pη2 = 0.273). Five,
separate, one-way repeated measures ANOVAs (collapsed across muscle) were completed
for each load (50%, 60%, and 70% 1RM; CL-10%, CL-20%).

50% 1RM. There was a significant one-way repeated measures ANOVA for 50%
1RM (F(10, 90) = 26.876, p < 0.001, pη2 = 0.749) and polynomial regression demonstrated
a quadratic relationship (R2 = 0.920, p = 0.002). Post-hoc Student Newman-Keuls indicated
the EMG MPF increased from the initial repetition from 10-30% of total repetitions
completed, was not different from the initial repetition between 40-80% of total repetitions
completed and decreased from 90-100% of total repetitions completed (Figure 6).
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60% 1RM. There was a significant one-way repeated measures ANOVA for 60%
1RM (F(10, 90) = 23.405, p < 0.001, pη2 = 0.722). Polynomial regression demonstrated a
cubic relationship for 60% 1RM (R2 = 0.937, p = 0.017) and post-hoc Student NewmanKeuls indicated the EMG MPF increased from the initial repetition from 10-40% of total
repetitions competed, was not different from the initial repetition between 50-80% of total
repetitions completed and decreased from 90-100% of total repetitions completed (Figure
6).

70% 1RM. There was a significant one-way repeated measures ANOVA for 70%
1RM (F(10, 90) = 31.593, p < 0.001, pη2 = 0.778) and polynomial regression demonstrated
a cubic relationship (R2 = 0.961, p = 0.032). For 70% 1RM, post-hoc Student NewmanKeuls indicated the EMG MPF increased from the initial repetition from 10-20% of total
repetitions completed, was not different from the initial repetition between 30-60% of total
repetitions completed and decreased from 70-100% of total repetitions completed (Figure
6).

CL-10%. There was a significant one-way repeated measures ANOVA for CL-10%
(F(10, 90) = 10.705, p < 0.001, pη2 = 0.543). Polynomial regression demonstrated a
negative, linear relationship for CL-10% (r2 = 0.837, p < 0.001). For repetitions completed
at CL-10%, post-hoc Student Newman-Keuls indicated the EMG MPF had an initial increase
from the first repetition at 10% of total repetitions completed, was not different from the
initial repetition between 20-80% of total repetitions completed and decreased from 90100% of total repetitions completed (Figure 6).
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CL-20%. There was a significant one-way repeated measures ANOVA for CL-20%
(F(10, 90) = 10.851, p < 0.001, pη2 = 0.547). Polynomial regression demonstrated a
negative, linear relationship (r2 = 0.614, p = 0.004) and post-hoc Student Newman-Keuls
indicated there were increases in EMG MPF from the initial repetition at 10% and 20% of
total repetitions completed, no difference from the initial repetition between 30-90% of
repetitions completed, and a decrease from the initial repetition at 100% of total repetitions
completed (Figure 6).

4.1.7.3 MMG AMP
There was no 4-way interaction for muscle x load x time x sex (F(80, 1520) =
0.756, p = 0.946, pη2 = 0.038). There were no 3-way interactions for muscle x load x time
(F(80, 1520) = 1.126, p = 0.214, pη2 = 0.056), load x time x sex (F(40, 760) = 0.891, p =
0.665, pη2 = 0.045), muscle x time x sex (F(20, 380) = 0.717, p = 0.809, pη2 = 0.036), or
muscle x load x sex (F(3.632, 69.004) = 0.627, p = 0.755, pη2 = 0.032). There were twoway interactions for load x time (F(40, 760) = 3.415, p < 0.001, pη2 = 0.152) and muscle x
time (F(20, 380) = 1.856, p = 0.014, pη2 = 0.089). Thus, the model was decomposed with
a three-way muscle x load x time (collapsed across sex) repeated measures ANOVA. The
3-way was not significant (F(80, 1600) = 1.144, p = 0.186, pη2 = 0.054). There was a twoway load x time interaction (F(40, 800) = 3.483, p < 0.001, pη2 = 0.148). Therefore, the
follow-up analyses included separate, one-way repeated measures ANOVAs for each load
(50%, 60%, and 70% 1RM; CL-10%, CL-20%).
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50% 1RM. There was a significant one-way repeated measures ANOVA (F(4.173,
83.462) = 11.293, p < 0.001, pη2 = 0.361). Polynomial regression demonstrated a cubic
relationship (R2 = 0.965, p = 0.009) and post-hoc Student Newman-Keuls indicated there
were increases in MMG AMP from the initial repetition from 10-100% of total repetitions
completed (Figure 7).

60% 1RM. There was a significant one-way repeated measures ANOVA (F(7.261,
145.229) = 9.433, p < 0.001, pη2 = 0.320). Polynomial regression demonstrated a quadratic
relationship (R2 = 0.839, p = 0.038). Post-hoc Student Newman-Keuls indicated MMG
AMP increased from the initial repetition from 10-100% of total repetitions completed
(Figure 7).

70% 1RM. There was a significant one-way repeated measures ANOVA (F(3.130,
62.596) = 7.580, p < 0.001, pη2 = 0.275). Polynomial regression demonstrated a cubic
relationship (R2 = 0.960, p = 0.037) and post-hoc Student Newman-Keuls indicated MMG
AMP increased from the initial repetition from 30-100% of total repetitions completed
(Figure 7).

CL-10%. There was a significant one-way repeated measures ANOVA (F(2.176,
43.516) = 18.073, p < 0.001, pη2 = 0.475). Polynomial regression demonstrated a quadratic
relationship (R2 = 0.984, p = 0.001) and post-hoc Student Newman-Keuls indicated MMG
AMP increased from the initial repetition from 20-100% of total repetitions completed
(Figure 7).
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CL-20%. There was a significant one-way repeated measures ANOVA (F(1.839,
36.777) = 20.348, p < 0.001, pη2 = 0.504). Polynomial regression demonstrated a quadratic
relationship (R2 = 0.992, p < 0.001). Post-hoc Student Newman-Keuls indicated there were
increases in MMG AMP from the initial repetition that began at 20% of total repetitions
completed and continued until 100% of total repetitions completed (Figure 7).

4.1.7.4 MMG MPF
There was no 4-way muscle x load x time x sex interaction (F(80, 1520) = 1.110, p
= 0.242, pη2 = 0.055). There were no 3-way load x time x sex (F(40, 760) = 0.848, p =
0.736, pη2 = 0.043) or muscle x load x sex (F(8, 152) = 0.516, p = 0.843, pη2 = 0.026)
interactions. There were 3-way interactions for muscle x load x time (F(80, 1520) = 1.429,
p = 0.009, pη2 = 0.070) and muscle x load x sex (F(20, 380) = 2.165, p = 0.003, pη2 =
0.102). Because all four variables were involved in a 3-way interaction, the model was
decomposed with separate 3-way, muscle x time x load repeated measures ANOVAs for
the men and the women.

For the women, there was a significant muscle x load x time interaction (F(80, 800)
= 1.400, p = 0.015, pη2 = 0.123). Therefore, the follow-up analyses included 5, separate
muscle x time repeated measures ANOVAs for each load (50%, 60%, and 70% 1RM; CL10%,

CL-20%).

50% 1RM. There was a significant muscle x time interaction (F(20, 200) = 1.88, p
= 0.015, pη2 = 0.159. There were significant one-way repeated measures ANOVAs for the
VL (F(2.923, 29.231) = 12.776, p < 0.001, pη2 = 0.561), VM (F(4.713, 47.133) = 12.822,
97

p < 0.001, pη2 = 0.562), and RF (F(5.868, 58.676) = 18.732, p < 0.001, pη2 = 652).
Polynomial regression demonstrated quadratic relationships for the VL (R2 = 0.919, p =
0.004) and the RF (R2 = 0.927, p = 0.010). For the VM, the polynomial regression
demonstrated a cubic relationship (R2 = 0.930, p = 0.049). Post-hoc Student NewmanKeuls for the VL indicated MMG MPF decreased from the initial repetition from 90-100%
of total repetitions completed (Figure 8). For the VM, the post-hoc Student Newman-Keuls
indicated increases from the initial repetition from 20-30% of total repetitions completed,
no differences from the initial repetition between 40-80%, and decreases from the initial
repetition from 90-100% of total repetitions completed (Figure 8). For the RF, post-hoc
Student Newman-Keuls demonstrated a decrease in EMG MPF from the initial repetition
from 70-100% of total repetitions completed (Figure 8).

60% 1RM. There was no 2-way interaction for muscle x time (F(20, 200) = 1.011,
p =0.451, pη2 = 0.092) or main effect for muscle (F(2, 20) = 1.009, p = 0.382, pη2 = 0.092).
There was a main effect for time (F(3.224, 32.243) = 11.203, p < 0.001, pη2 = 0.528). There
was a significant one-way repeated measures ANOVA (collapsed across muscle) (F(4.937,
49.373) = 11.203, p < 0.001, pη2 = 0.528) and polynomial regression demonstrated a cubic
relationship (R2 = 0.977, p = 0.002). The post-hoc Student Newman-Keuls indicated MMG
MPF decreased from the initial repetition from 80-100% of total repetitions completed
(Figure 8).

70% 1RM. There was no significant muscle x time interaction (F(20, 200) = 0.854,
p = 0.645, pη2 = 0.079) or main effect for muscle (F(1.652, 16.523) = 0.409, p = 0.670,
pη2 = 0.039). There was a main effect for time (F(10, 100) = 12.467, p < 0.001, pη2 = 0.555)
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and polynomial regression demonstrated a cubic relationship (R2 = 0.947, p =0.005). The
post-hoc Student Newman-Keuls indicated MMG MPF increased from the initial repetition
from 10-20% of total repetitions completed, was not different from the initial repetition
from 30-80% of total repetitions completed and decreased from the initial repetition from
90-100% of total repetitions completed. (Figure 8).

CL-10%. There was a significant muscle x time interaction (F(20, 200) = 3.966, p <
0.001, pη2 = 0.284). There were significant one-way repeated measures ANOVAs for the
VL (F(4.346, 43.464) = 15.798, p < 0.001, pη2 = 0.612), VM (F(4.013, 40.130) = 6.122, p
= 0.001, pη2 = 0.380), and RF (F(6.395, 63.947) = 7.775, p < 0.001, pη2 = 0.437).
Polynomial regression analyses for both the VL (r2 = 0.797, p < 0.001) and the VM (r2 =
0.665, p = 0.002) demonstrated negative, linear relationships for MMG MPF. For the VL,
post-hoc Student Newman-Keuls indicated an increase in MMG MPF at 10% of total
repetitions and decreases from 90-100% of total repetitions completed (Figure 8). For the
VM, post-hoc Student Newman-Keuls indicated increases in MMG MPF from the initial
repetition from 10-20% of total repetitions completed (Figure 8). For the RF, polynomial
regression demonstrated a quadratic relationship (R2 = 0.919, p < 0.001) and post-hoc
Student Newman-Keuls indicated a decrease in MMG MPF from the initial repetition at
100% of total repetitions completed (Figure 8).

CL-20%. There was a significant muscle x time interaction (F(20, 200) = 6.672, p <
0.001, pη2 = 0.400). There were significant one-way repeated measures ANOVAs for the
VL (F(4.390, 43.899) = 25.764, p < 0.001, pη2 = 0.720), the VM (F(5.202, 52.018) =
17.912, p < 0.001, pη2 = 0.642), and the RF (F(7.042, 70.423) = 22.218, p < 0.001, pη2 =
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0.690). Polynomial regression for the VL demonstrated a quadratic relationship (R2 =
0.969, p = 0.005) and post-hoc Student Newman-Keuls indicated decreases from the initial
repetition from 60-100% of total repetitions completed (Figure 8). For the VM, polynomial
regression demonstrated a negative, linear relationship (r2 = 0.855, p < 0.001). Post-hoc
Student Newman-Keuls for the VM demonstrated an initial increase from the first
repetition at 10% of total repetitions completed, no difference from the initial repetition
between 20-70%, and a decrease from the initial repetition from 80-100% of total
repetitions completed (Figure 8). For the RF, the polynomial regression demonstrated a
quadratic relationship (R2 = 0.895, p < 0.001) and post-hoc Student Newman-Keuls
indicated an increase from the initial repetition from 10-20% of total repetitions completed,
no difference from the initial repetition between 30-80%, followed by a decrease from the
initial repetition from 90-100% of total repetitions completed (Figure 8).

For the men, there was no 3-way muscle x load x time interaction (F(80, 720) =
1.150, p = 0.185, pη2 = 0.113) for MMG MPF. There were no 2-way interactions for load
x time (F(40, 360) = 1.321, p = 0.099, pη2 = 0.128) or muscle x load (F(8, 72) = 0.766, p
= 0.634, pη2 = 0.078). There was a significant muscle x time interaction (F(20, 180) =
4.553, p < 0.001, pη2 = 0.336). Separate, one-way repeated measures (collapsed across
load) were run for each muscle (VL, VM, and RF). There were significant one-way
repeated measures ANOVAs for the VL (F(10, 90) = 16.802, p < 0.001, pη2 = 0.651), the
VM (F(10, 90) = 14.540, p < 0.001, pη2 = 0.618), and the RF (F(10, 90) = 7.088, p < 0.001,
pη2 = 0.441). For the VL (R2 = 0.985, p = 0.014) and the VM (R2 = 0.978, p = 0.040),
polynomial regression demonstrated cubic relationships and post-hoc Student NewmanKeuls indicated that for both the VL and the VM, there were decreases in MMG MPF from
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the initial repetition from 70-100% of total repetitions completed (Figure 9). For the RF,
polynomial regression demonstrated a quadratic relationship (R2 = 0.968, p < 0.001) and
post-hoc Student Newman-Keuls indicated a decrease from the initial repetition at 100%
of total repetitions completed (Figure 9).
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Table 2. Individual and composite maximal voluntary contraction
(MVC) values (N) and reliability for Visits 2-7.
Subjects

Visit 2
MVC
356.6
297.7
313.1
340.1
322.9
484.4
240.2
273.0
605.8
393.5
323.6
491.2
520.8
444.2
311.3
284.5
264.2
366.8
388.4
470.8
270.6
369.7
(98.7)

Visit 3
MVC
341.1
296.1
300.2
339.8
327.1
386.4
248.1
292.5
583.4
425.3
373.6
443.9
513.3
483.9
299.9
275.2
298.1
384.6
404.3
494.6
299.8
372.0
(90.4)

Visit 4
Visit 5
Visit 6 Visit 7
MVC
MVC
MVC
MVC
1
365.6
401.4
366.9
349.7
2
341.5
350.3
326.7
357.2
3
275.1
314.4
305.2
297.2
4
330.0
394.2
324.7
321.5
5
287.8
227.6
287.9
307.1
7
503.4
516.7
519.3
487.6
9
202.5
239.4
272.8
288.9
10
214.3
293.2
249.2
290.8
11
607.4
681.3
629.0
502.1
12
382.5
382.2
407.7
345.0
13
301.1
346.6
282.0
289.3
14
461.1
500.9
476.9
452.6
16
483.6
459.7
427.1
453.4
17
467.7
504.4
456.9
471.0
18
281.9
323.1
310.5
306.6
19
280.2
260.7
279.7
299.0
20
303.5
310.9
308.6
296.4
21
405.7
390.0
392.4
346.0
23
389.3
360.7
398.4
352.9
25
453.8
531.8
501.8
501.5
27
298.8
261.1
282.2
246.5
Mean
360.1
363.7
383.4
371.7
(SD)
(81.6)
(103.3) (114.7) (100.4)
ICC
0.911
SEM
29.0 N
CoV
7.8%
ICC = intraclass correlation coefficient, SEM = standard error of the
measurement, CoV = coefficient of variation.
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Table 3. Individual (women [n = 11]; men [n = 10]) and composite values for the load (kg) lifted during the 1RM, the trials at 80%,
70%, 60%, and 50% 1RM, as well as the load (kg) and % of 1RM that corresponds to the CL, CL-10% and CL-20%.
1RM

80% 1RM

70% 1RM

60% 1RM

50%1RM

CL

CL-10%

CL-20%

Subject
Load (kg)
Load (kg)
Load (kg)
Load (kg)
Load (kg)
Load (kg)
%1RM
Load (kg)
%1RM
Load (kg)
1 (W)
50
40
35
30
25
14
28
13
25
11
3 (W)
64
51
44
38
32
17
27
16
25
14
5 (W)
68
54
48
41
34
19
27
17
25
15
9 (W)
43
34
30
26
22
9
22
8
20
8
10 (W)
66
53
46
39
33
12
18
11
16
10
12 (W)
61
49
43
37
31
22
36
20
32
17
13 (W)
61
49
43
37
31
22
36
20
32
17
18 (W)
68
54
48
41
34
15
23
14
20
12
20 (W)
50
40
35
30
25
8
17
8
15
7
21 (W)
68
54
48
41
34
10
15
9
14
8
23 (W)
64
51
44
38
32
12
20
11
18
10
Mean
60.3
48.1ǂ
42.2ǂ
36.2ǂ
30.3ǂ
14.5ǂ
24.5
13.4ǂ
22.0
11.7ǂ
(SD)
(8.7)
(6.9)
(6.2)
(5.2)
(4.2)
(4.9)
(7.1)
(4.4)
(6.3)
(3.6)
2 (M)
64
51
44
38
32
16
26
15
23
13
4 (M)
66
53
46
39
33
20
31
18
28
16
7 (M)
109
87
76
65
54
22
20
20
18
18
11 (M)
113
91
79
68
57
39
35
35
31
32
14 (M)
79
64
56
48
40
15
19
13
17
12
16 (M)
84
67
59
50
42
17
20
15
18
13
17 (M)
93
74
65
56
46
13
13
11
12
10
19 (M)
61
49
43
37
31
14
23
13
21
11
25 (M)
86
69
60
52
43
27
31
24
28
22
27 (M)
75
60
52
45
37
27
36
24
33
22
Mean
83.0*
66.5*ǂ
58.0*ǂ
49.8*ǂ
41.5*ǂ
21.0*ǂ
25.4
18.8*ǂ
22.9
16.9*ǂ
(SD)
(18.0)
(14.4)
(12.6)
(10.8)
(8.9)
(8.1)
(7.6)
(7.3)
(6.9)
(6.8)
Composite
Mean
71.1
56.9
49.7
42.7
35.6
17.6
24.9
16.0
22.4ǂǂ
14.2
(SD)
(17.8)
(14.3)
(12.5)
(10.7)
(8.8)
(7.2)
(7.2)
(6.4)
(6.4)
(5.9)
1RM = one-repetition maximum, CL = critical load, CL-10% = 10% below critical load, CL-20% = 20% below critical load.
*Indicates men lifted a significantly greater load than women at p ≤ 0.05.
ǂ Indicates load (kg) was less than the load (kg) in previous columns.
ǂǂ Indicates main effect for the relative CL values where the %1RM was less than the %1RM in previous columns.
The load (kg) results reflect the follow-up repeated measures ANOVA and independent samples t-test for the load (kg) x sex interaction.
The relative (%1RM) results reflect follow-up repeated measures ANOVAs (collapsed across sex). See Results for full ANOVA decomposition (p. 66).
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%1RM
22
22
22
17
14
28
28
18
13
12
16
19.3
(5.6)
21
25
16
28
15
16
11
18
25
29
20.4
(6.1)
19.8ǂǂ
(5.7)

Table 4. Individual (women [n = 11]; men [n = 10]) and composite values for the number of
repetitions completed to failure, as well as total volume (kg) and time under tension (sec) during
the trials at 80%, 70%, and 60% 1RM.
Subject
1 (W)
3 (W)
5 (W)
9 (W)
10 (W)
12 (W)
13 (W)
18 (W)
20 (W)
21 (W)
23 (W)
Mean
(SD)
2 (M)
4 (M)
7 (M)
11 (M)
14 (M)
16 (M)
17 (M)
19 (M)
25 (M)
27 (M)
Mean
(SD)
Composite
Mean
(SD)

Reps

80% 1RM
TV

TUT

Reps

70% 1RM
TV

TUT

Reps

60% 1RM
TV

TUT

13
13
9
18
14
8
11
12
15
12
13
13*
(3)
13
11
9
7
11
13
11
12
7
7
10
(2)

518.9
660.4
489.9
620.5
736.6
391.9
538.9
653.2
598.7
653.2
660.4
593.0
(98.6)
660.4
578.8
783.8
635.0
698.5
872.7
818.3
587.9
482.6
419.1
653.7
(144.8)

26.6
27.9
19.0
37.3
25.5
17.2
23.4
24.5
30.1
24.4
26.2
25.6
(5.3)
27.6
24.4
17.7
14.3
22.3
26.8
22.0
24.4
14.3
15.4
20.9
(5.1)

20
16
14
23
18
10
15
13
18
14
16
16
(4)
18
17
11
12
14
16
12
15
12
13
14
(2)

698.5
711.2
666.8
693.8
828.7
428.6
643.0
619.2
628.7
666.8
711.2
663.3
(96.3)
800.1
782.7
838.2
952.6
777.9
939.9
781.1
643.0
723.9
681.1
792.1
(99.7)

42.3
33.5
29.2
48.6
32.6
20.8
32.0
27.1
36.9
29.1
31.8
33.1
(7.5)
37.9
31.5
21.4
25.2
28.5
32.0
24.9
31.3
24.2
28.11
28.5
(4.8)

25
20
17
28
20
17
24
17
22
18
21
21*
(4)
23
21
14
15
17
21
15
16
14
15
17
(3)

748.4
762.0
694.0
723.9
789.3
624.6
881.8
694.0
658.6
734.8
800.1
737.4
(71.5)
876.3
828.7
914.5
1020.6
809.7
1057.3
836.9
587.9
723.9
673.6
832.9
(146.1)

53.8
39.3
35.5
60.2
37.3
35.8
52.0
35.3
46.0
38.0
40.7
43.1
(8.6)
49.3
46.5
29.4
32.1
34.3
45.0
30.8
33.1
36.8
32.9
37.0
(7.2)

-

621.9
(123.6)

23.4
(5.6)

-

724.6ǂ
(116.0)

30.9^
(6.6)

-

782.9ǂ
(120.6)

40.2^
(8.4)

1RM = one-repetition maximum, CL-10% = 10% below critical load, CL-20% = 20% below critical load, Reps = repetitions, TV = total volume (kg load
x reps), TUT = time under tension.
* indicates women completed more repetitions to failure than the men at corresponding load; ǂ Indicates total volume (kg) was greater than the total
volume (kg) in previous columns.
^ indicates time under tension (sec) was greater than the time under tension (sec) in previous columns; For both the men and the women, the number
of repetitions completed to failure were different across all loads (80% 1RM < 70% 1RM < 60% 1RM < 50% 1RM < CL-10% < CL-20%).
These results reflect the load x sex repeated measures ANOVAs for the men and the women and independent samples t-tests. See Results for full
ANOVA decomposition (p. 66).
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Table 4 continued. Individual (women [n = 11]; men [n = 10]) and composite values for the number
of repetitions completed to failure, as well as total volume (kg) and time under tension (sec) during
the trials at 50% 1RM, CL-10%, and CL-20%.
Subject
1 (W)
3 (W)
5 (W)
9 (W)
10 (W)
12 (W)
13 (W)
18 (W)
20 (W)
21 (W)
23 (W)
Mean
(SD)
2 (M)
4 (M)
7 (M)
11 (M)
14 (M)
16 (M)
17 (M)
19 (M)
25 (M)
27 (M)
Mean
(SD)
Composite
Mean
(SD)

Reps

50% 1RM
TV

TUT

Reps

CL-10%
TV

TUT

Reps

CL-20%
TV

TUT

32
30
21
34
26
21
29
21
24
22
25
27*
(4)
29
26
18
22
21
25
19
24
18
19
22
(4)

798.3
952.6
714.4
732.6
855.0
643.0
887.9
816.5
723.5
748.4
793.8
787.8
(88.2)
920.8
855.0
979.8
1247.4
833.5
1048.9
883.4
734.8
775.7
711.0
899.0
(161.5)

68.2
63.2
44.4
73.2
48.3
44.2
63.5
51.1
61.7
46.2
52.7
56.1
(10.2)
62.5
57.4
38.2
47.1
35.6
52.6
38.9
51.0
38.5
41.6
46.3
(9.2)

51
122
51
126
95
39
43
94
119
96
117
87
(34)
73
94
47
45
81
113
58
72
29
32
64
(27)

638.4
1903.8
853.5
1065.7
1018.6
765.7
843.3
1296.7
900.8
896.7
1313.8
1045.2
(351.8)
1082.7
1708.2
938.5
1595.7
1072.8
1692.2
653.0
916.8
705.1
778.6
1114.4
(406.1)

110.4
265.8
110.4
272.4
187.8
84.4
96.5
202.8
253.8
208.8
246.0
185.4
(72.5)
158.0
196.8
99.5
99.0
175.2
243.6
122.4
155.4
61.5
69.9
138.1
(58.2)

103
156
60
116
145
43
66
101
187
141
159
116
(46)
88
103
54
53
108
145
80
123
33
37
82
(38)

1146.0
2163.9
892.6
872.1
1382.0
750.4
1150.6
1238.5
1258.3
1170.8
1587.1
1237.5
(388.8)
1160.2
1663.7
958.5
1670.6
1271.5
1930.1
800.6
1392.2
713.2
800.2
1236.1
(423.6)

224.4
324.6
129.6
254.4
261.6
94.6
138.0
219.0
393.6
301.2
327.0
242.5
(93.3)
192.0
237.6
114.0
115.2
229.8
313.2
174.0
266.4
71.3
80.5
179.4
(82.6)

-

840.8ǂ
(137.4)

51.4^
(10.7)

-

1078.1ǂ
(370.6)

162.9^
(68.8)

-

1236.8ǂ
(395.4)

212.5^
(92.0)

1RM = one-repetition maximum, CL-10% = 10% below critical load, CL-20% = 20% below critical load, Reps = repetitions, TV = total volume (kg load
x reps), TUT = time under tension.
* indicates women completed more repetitions to failure than the men at corresponding load; ǂ Indicates total volume (kg) was greater than the total
volume (kg) in previous columns.
^ indicates time under tension (sec) was greater than the time under tension (sec) in previous columns; For both the men and the women, the number
of repetitions completed to failure were different across all loads (80% 1RM < 70% 1RM < 60% 1RM < 50% 1RM < CL-10% < CL-20%).
These results reflect the load x sex repeated measures ANOVAs for the men and the women and independent samples t-tests. See Results for full
ANOVA decomposition (p. 66).
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Table 5. Pre- and post-exercise absolute MVC values and percent change (%Δ) from pre- to postexercise for repetitions completed to failure at 80%, 70%, and 60% 1RM.
Subject
1 (W)
3 (W)
5 (W)
9 (W)
10 (W)
12 (W)
13 (W)
18 (W)
20 (W)
21 (W)
23 (W)
Mean
(SD)
2 (M)
4 (M)
7 (M)
11 (M)
14 (M)
16 (M)
17 (M)
19 (M)
25 (M)
27 (M)
Mean
(SD)

Pre

80% 1RM
Post

%Δ

Pre

70% 1RM
Post

%Δ

Pre

60% 1RM
Post

%Δ

365.6
313.1
327.1
248.1
214.3
425.3
373.6
281.9
303.5
405.7
388.4
331.5
(66.9)
297.7
330.0
503.4
502.1
443.9
453.4
444.2
275.2
453.8
246.5
395.0
(97.2)

255.3
306.3
330.6
195.1
265.6
386.3
330.0
277.0
269.8
329.5
394.9
303.7^ †
(58.9)
250.9
304.4
439.8
416.1
370.7
267.5
445.3
264.3
382.5
193.3
333.5*^
(88.7)

30.2
2.2
-1.1
21.4
-23.9
9.2
11.7
1.7
11.1
18.8
-1.7
7.2 •#
(14.4)
15.7
7.8
12.6
17.1
16.5
41.0
-0.20
4.0
15.7
21.6
15.2 •
(11.2)

349.7
275.1
307.1
202.5
273.0
393.5
323.6
306.6
298.1
384.6
404.3
319.8
(60.4)
296.1
340.1
487.6
605.8
452.6
520.8
477.7
280.2
494.6
298.8
425.4
(113.0)

294.3
327.3
268.2
182.2
241.3
338.7
344.3
319.6
290.1
310.6
338.4
295.9^†°
(49.5)
241.8
306.4
443.7
459.5ǂ
396.8
431.3ǂ
403.1
268.3
382.0ǂ
175.7ǂ
350.9*
(96.6)

15.8
-19.0
12.7
10.0
11.6
13.9
-6.4
-4.2
2.7
19.2
16.3
6.6 •#□
(11.9)
18.3
9.9
9.0
24.1
12.3
17.2
15.6
4.2
22.8
41.2
17.5 •
(10.4)

356.5
297.2
287.8
240.2
292.5
345.0
301.1
299.9
264.2
346.0
389.3
310.9
(43.7)
341.5
321.5
484.1
607.4
461.1
483.6
483.9
248.5
501.5
270.6
424.0
(111.6)

256.8
302.2
227.2
180.4
257.9
341.4
286.3
344.7
208.2
288.8
237.7
266.5*^
(52.2)
254.6
283.1
468.8
436.7
402.8
348.5
376.4
279.0
451.7
210.3
351.2*^
(90.4)

28.0
-1.7
21.1
24.9
11.8
1.0
4.9
-14.9
21.2
16.5
38.9
13.8 •
(15.4)
25.4
11.9
3.2
28.1
12.6
27.9
22.2
1.9
9.9
22.3
16.5 •
(9.9)

1RM = one-repetition maximum, CL-10% = 10% below critical load, CL-20%
= 20% below critical load.
* indicates significantly less than corresponding pre-exercise MVC value
at p ≤ 0.05.
Italicized indicates significantly less than pre-exercise MVC for 70%
1RM, 60% 1RM, 50% 1RM, CL-10%, and CL-20%.
^ indicates significantly greater than the post-exercise MVC for CL-10%.
Underlined indicates significantly greater than the post-exercise MVC for
CL-20%.
† indicates significantly greater than the post-exercise MVC for 50%
1RM.
° indicates significantly greater than the post-exercise MVC for 60% 1RM;
See Results for full ANOVA decomposition (p. 67).

• indicates percent change from pre- to post-exercise MVC was less than
CL-10% and CL-20%.
# indicates percent change from pre- to post-exercise MVC was less than
50% 1RM.
□ indicates percent change from pre- to post-exercise MVC was less for
the women than the men.
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Table 5 continued. Pre- and post-exercise absolute MVC values and percent change (%Δ) from pre- to post-exercise for
repetitions completed to failure at 50% 1RM, CL-10%, and CL-20%.
Subject
1 (W)
3 (W)
5 (W)
9 (W)
10 (W)
12 (W)
13 (W)
18 (W)
20 (W)
21 (W)
23 (W)
Mean
(SD)
2 (M)
4 (M)
7 (M)
11 (M)
14 (M)
16 (M)
17 (M)
19 (M)
25 (M)
27 (M)
Mean
(SD)

Pre

50% 1RM
Post

%Δ

Pre

CL-10%
Post

%Δ

Pre

CL-20%
Post

%Δ

341.1
300.2
322.9
288.9
290.8
382.5
289.3
311.3
296.4
366.8
352.9
322.1
(33.7)
357.2
339.8
386.4
583.4
491.2
513.3
467.7
299.0
470.8
299.8
421.2
(97.9)

274.5
261.9
278.8
211.1
287.7
287.8
229.1
264.7
181.4
258.4
235.2
251.9*^
(34.0)
218.6
262.5
345.3
448.1
434.3
406.0
479.0
216.1
411.0
187.8
341.0*
(110.0)

19.5
12.8
13.7
26.9
1.1
24.8
20.8
15.0
38.8
29.6
33.4
21.5 •
(10.7)
38.8
22.7
10.6
23.2
11.6
20.9
-2.4
27.7
12.7
37.4
20.4 •
(12.6)

366.9
305.2
227.6
239.4
293.2
407.7
282.0
323.1
308.6
290.0
360.7
318.6
(58.3)
350.3
394.2
516.7
681.3
500.9
427.1
456.9
279.7
531.8
282.2
442.1
(123.6)

109.3
168.1
155.6
69.9
45.2
142.8
277.5
50.1
124.4
50.0
92.1
116.8*
(69.0)
64.7
132.5
451.8
280.1
247.6
27.8
523.0
140.9
416.9
206.6
249.2*
(168.4)

70.2
44.9
31.6
70.8
84.6
65.0
1.6
84.5
59.7
87.2
74.5
61.3
(26.1)
81.5
66.4
12.6
58.9
50.6
93.5
-14.5
49.6
21.6
26.8
44.7
(33.1)

401.4
314.4
287.9
272.8
249.2
382.2
346.6
310.5
310.9
392.4
398.4
333.3
(54.0)
326.7
324.7
519.3
629.0
476.9
459.7
504.4
260.7
501.8
261.1
426.4
(124.8)

94.2
91.1
97.8
13.5
33.7
174.6
238.9
0.20
155.2
66.3
199.7
105.9*
(77.8)
94.2
158.1
149.1
354.7
133.5
33.7
494.8
109.7
381.9
164.9
210.6*
(146.9)

76.5
71.0
66.0
95.1
86.5
54.3
31.1
99.9
50.1
83.1
49.9
69.4
(21.4)
61.6
51.3
71.3
43.6
72.0
92.7
1.9
57.9
23.9
36.8
51.3
(26.1)

1RM = one-repetition maximum, CL-10% = 10% below critical load, CL-20% = 20% below
critical load.
* indicates significantly less than corresponding pre-exercise MVC value at p ≤ 0.05.
Italicized indicates significantly less than pre-exercise MVC for 70% 1RM, 60% 1RM,
50% 1RM, CL-10%, and CL-20%.
^ indicates significantly greater than the post-exercise MVC for CL-10%.
Underlined indicates significantly greater than the post-exercise MVC for CL-20%.
† indicates significantly greater than the post-exercise MVC for 50% 1RM.
° indicates significantly greater than the post-exercise MVC for 60% 1RM; See Results for
full ANOVA decomposition (p. 67).

• indicates percent change from pre- to post-exercise MVC was less than CL-10% and CL20%.

# indicates percent change from pre- to post-exercise MVC was less than 50% 1RM.
□ indicates percent change from pre- to post-exercise MVC was less for the women than
the men.
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Table 6. Muscle activation (EMG AMP normalized to 1RM) for the VL during the initial and final 10% of repetitions
completed to failure at 80% 1RM, 70% 1RM, and 60% 1RM.
80% 1RM
Subject
1 (W)
3 (W)
5 (W)
9 (W)
10 (W)
12 (W)
13 (W)
18 (W)
20 (W)
21 (W)
23 (W)
Mean
(SD)
2 (M)
4 (M)
7 (M)
11 (M)
14 (M)
16 (M)
17 (M)
19 (M)
25 (M)
27 (M)
Mean
(SD)

70% 1RM

Initial 10%

Final 10%

Collapsed
across time

93.7
79.0
51.4
108.0
87.2
83.3
72.7
57.8
91.2
91.9
84.4
81.9
(16.3)
52.4
80.8
83.4
66.9
87.8
70.6
120.0
132.0
97.4
119.0
91.0
(25.8)

120.0
118.0
90.8
140.0
87.2
102.0
106.0
82.2
135.0
135.0
113.0
111.7
(20.1)
68.8
90.8
93.6
91.9
103.0
117.0
135.0
188.0
97.5
142.0
112.8
(34.3)

106.9
98.5
71.1
124.0
87.2
92.7
89.4
70.0
113.1
113.5
98.7
96.8†•#
(17.1)
-

Initial 10%
58.3
85.0
63.7
104.2
96.9
58.9
54.7
68.8
88.1
60.4
82.5
74.7
(17.3)
50.6
83.3
74.3
81.0
50.1
64.8
112.4
118.6
128.4
111.6
87.5
(28.6)

60% 1RM

Final 10%

Collapsed
across time

Initial 10%

Final 10%

Collapsed
across time

72.2
144.2
96.0
133.5
119.9
105.3
65.5
94.0
125.4
63.4
121.6
103.7
(28.0)
69.2
134.4
85.7
105.0
64.6
87.9
143.8
153.5
159.8
137.1
114.1
(35.8)

65.3
114.6
79.9
118.9
108.4
82.1
60.1
81.4
106.8
61.9
102.1
89.2†•
(21.7)
-

86.5
73.6
77.7
100.2
70.4
75.1
43.1
49.0
65.5
65.6
58.3
69.5
(16.2)
48.4
59.2
63.7
100.1
39.8
64.5
100.5
105.3
105.3
103.0
79.0
(26.2)

114.0
130.9
109.1
132.0
87.5
98.9
59.3
68.9
97.4
95.3
95.7
99.0
(22.5)
71.0
66.8
103.7
118.7
68.3
108.0
116.6
147.9
136.4
115.0
105.2
(28.3)

100.3
102.3
93.4
116.1
79.0
87.0
51.2
59.0
81.5
80.5
77
84.3†
(18.8)
-

EMG AMP = electromyographic amplitude, 1RM = one-repetition maximum, VL = vastus lateralis, CL-10% = 10% below critical load, CL-20% = 20% below critical load.
* indicates muscle activation during the initial 10% of repetitions completed was less than muscle activation during the final 10% of repetitions completed.
† indicates muscle activation was greater than muscle activation at CL-10% and CL-20%.
• indicates muscle activation was greater than muscle activation at 50% 1RM.
# indicates muscle activation was greater than muscle activation at 60% 1RM.
Muscle activation responses for the men were examined collapsed across muscle. For full ANOVA decomposition for muscle activation for the men, see Results section (p. 71).
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Table 6 continued. Muscle activation (EMG AMP normalized to 1RM) for the VL during the initial and final 10% of
repetitions completed to failure at 50% 1RM, CL-10%, and CL-20%, and collapsed across load.
50% 1RM
Subject

1 (W)
3 (W)
5 (W)
9 (W)
10 (W)
12 (W)
13 (W)
18 (W)
20 (W)
21 (W)
23 (W)
Mean
(SD)
2 (M)
4 (M)
7 (M)
11 (M)
14 (M)
16 (M)
17 (M)
19 (M)
25 (M)
27 (M)
Mean
(SD)

CL-10%

Collapsed Across All
Loads

CL-20%

Initial
10%

Final
10%

Collapsed
across
time

Initial
10%

Final
10%

Collapsed
across
time

Initial
10%

Final
10%

Collapsed
across
time

Initial
10%

Final
10%

61.3
53.0
41.5
69.4
60.6
64.6
45.7
45.2
73.5
58.1
58.9
57.4
(10.2)
34.2
99.0
60.7
57.0
42.5
51.4
80.1
107.4
93.6
84.0
71.0
(25.2)

81.3
122.0
61.3
97.9
90.7
85.7
73.7
77.9
91.6
97.4
109.0
89.9
(16.8)
50.4
103.0
74.0
87.4
73.6
78.8
92.5
158.1
105.8
118.8
94.2
(29.7)

71.3
87.5
51.4
83.7
75.7
75.2
59.7
61.6
85.6
77.8
84.0
73.9†
(11.9)
-

49.0
32.9
25.6
53.4
32.7
36.1
24.4
21.0
41.9
23.2
32.2
33.9
(10.6)
19.5
57.1
38.0
57.6
20.9
30.5
24.7
56.2
46.9
48.1
40.0
(15.2)

67.3
59.7
57.5
123.0
95.5
63.7
52.0
97.1
69.2
61.0
85.8
75.6
(21.9)
26.5
63.2
56.4
103.0
40.1
87.5
31.2
91.0
63.4
85.3
64.8
(26.6)

58.2
46.3
41.6
88.2
64.1
49.9
38.2
59.1
55.6
42.1
59.0
54.7
(14.0)
-

42.0
32.2
24.6
70.5
38.4
33.1
22.4
22.3
42.0
26.7
34.1
35.3
(13.7)
35.8
64.4
25.5
45.9
19.0
26.0
21.0
56.5
67.6
57.1
41.9
(18.7)

108.8
81.1
59.5
123.0
109.1
67.2
49.1
78.2
61.2
58.7
68.8
78.6
(24.5)
49.3
64.8
37.2
83.0
45.3
66.3
28.8
99.4
77.9
83.2
63.5
(22.9)

75.4
56.7
42.1
96.8
73.8
50.2
35.8
50.3
51.6
42.7
51.5
56.9
(17.9)
-

65.1
59.3
47.4
4.3
64.4
58.5
43.5
44.0
67.0
54.3
58.4
58.8*
(11.8)
-

93.9
109.3
79.0
124.9
98.3
87.1
67.6
83.1
96.6
85.1
99.0
93.1
(15.5)
-

EMG AMP = electromyographic amplitude, 1RM = one-repetition maximum, VL = vastus lateralis, CL-10% = 10% below critical load, CL-20% = 20% below critical load.
* indicates muscle activation during the initial 10% of repetitions completed was less than muscle activation during the final 10% of repetitions completed.
† indicates muscle activation was greater than muscle activation at CL -10% and CL-20%.
• indicates muscle activation was greater than muscle activation at 50% 1RM.
# indicates muscle activation was greater than muscle activation at 60% 1RM.
Muscle activation responses for the men were examined collapsed across muscle. For full ANOVA decomposition for muscle activation for the men, see Results section (p. 71).
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Table 7. Muscle activation (EMG AMP normalized to 1RM) for the VM during the initial and final 10% of repetitions
completed to failure at 80% 1RM, 70% 1RM, 60% 1RM, 50% 1RM, CL-10%, and CL-20%.
80% 1RM
70% 1RM
60% 1RM
50% 1RM
CL-10%
CL-20%
Initial
Final
Initial
Final
Initial
Final
Initial
Final
Initial
Final
Initial
Final
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
1 (W)
120.0
185.0
90.9
129.3
78.1
117.3
78.9
154.1
69.3
157.0
55.3
116.0
3 (W)
34.3
64.8
69.9
126.5
85.2
154.8
33.9
87.1
22.7
51.2
17.6
71.5
5 (W)
68.5
97.9
74.9
111.4
46.0
76.5
24.1
44.4
14.4
36.5
28.4
74.4
9 (W)
64.9
98.8
76.2
75.7
55.7
78.0
53.3
91.5
32.2
109.0
41.7
98.1
10 (W)
78.5
79.3
92.2
98.2
61.4
82.0
53.2
84.3
34.7
119.0
35.5
125.9
12 (W)
91.6
105.0
51.8
52.7
75.5
91.2
82.2
107.0
33.7
70.8
31.8
77.9
13 (W)
82.5
135.0
69.5
99.3
58.5
113.0
46.4
86.9
28.6
81.3
38.1
120.6
18 (W)
98.9
130.0
93.4
136.1
47.5
107.7
77.1
112.4
32.6
124.0
38.8
116.1
20 (W)
124.0
214.0
99.8
157.3
95.9
167.5
116.3
173.2
67.7
129.0
69.3
119.0
21 (W)
85.4
139.0
69.0
88.9
67.8
98.6
44.4
85.7
26.7
75.3
30.7
65.3
23 (W)
76.4
147.0
75.8
148.0
56.9
142.3
42.6
120.7
15.4
163.0
26.1
134.4
Mean
84.1*†#•
126.9
78.5*†#
111.2
66.2*†
111.7
59.3*†
104.3
34.4*
101.5
37.6*
101.7
(SD)
(25.2)
(44.5)
(14.1)
(31.9)
(15.8)
(31.3)
(26.6)
(35.6)
(18.2)
(41.6)
(14.3)
(25.1)
2 (M)
375.0
467.0
294.8
350.4
208.8
267.0
102.2
157.7
138.0
214.0
98.9
198.8
4 (M)
31.3
40.3
65.7
99.5
34.7
50.3
35.5
46.9
38.4
35.9
35.8
32.2
7 (M)
66.9
64.6
95.1
136.3
70.4
128.4
68.0
111.9
34.6
75.9
48.9
79.2
11 (M)
74.8
117.0
74.2
108.3
104.4
142.8
49.5
78.5
64.7
116.0
35.0
72.8
14 (M)
35.8
59.9
37.5
66.8
25.4
60.5
28.7
73.9
10.1
37.8
10.7
45.3
16 (M)
167.0
213.0
152.9
219.6
225.5
340.9
129.1
199.9
97.1
215.0
81.9
173.7
17 (M)
71.1
88.8
64.8
76.1
33.8
28.4
51.8
62.2
15.0
16.5
5.4
8.4
19 (M)
92.6
147.0
84.1
145.6
83.3
119.0
74.0
140.7
48.9
85.8
45.5
105.3
25 (M)
126.0
151.0
103.8
147.6
122.6
168.0
83.9
89.5
74.7
98.0
53.0
81.4
27 (M)
97.0
137.0
76.4
107.0
81.1
110.1
65.8
105.7
46.1
84.4
47.4
69.6
Mean
113.8
148.6
104.9
145.7
66.0
141.5
68.9
106.7
56.8
97.9
46.3
86.7
(SD)
(100.2)
(123.3)
(73.3)
(84.0)
(69.8)
(97.5)
(30.5)
(47.4)
(38.8)
(68.6)
(28.4)
(59.5)
EMG AMP = electromyographic amplitude, 1RM = one-repetition maximum, VM = vastus medialis, CL-10% = 10% below critical load, CL-20% = 20% below critical
load.
* indicates muscle activation during the initial 10% of repetitions completed was less than muscle activation during the final 10% of repetitions completed.
† indicates muscle activation during the initial 10% of repetitions completed was greater than muscle activation at CL -10% and CL-20%.
# indicates muscle activation during the initial 10% of repetitions completed was greater than muscle activation at 50% 1RM.
• indicates muscle activation during the initial 10% of repetitions completed was greater than muscle activation at 60% 1RM.
Muscle activation responses for the men were examined collapsed across muscle. For full ANOVA decomposition for muscle activation for the men, see Results
section (p. 72).
Subject
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Table 8. Muscle activation (EMG AMP normalized to 1RM) for the RF during the initial and final 10% of repetitions completed to
failure at 80% 1RM, 70% 1RM, 60% 1RM, 50% 1RM, CL-10%, and CL-20%.
80% 1RM
Subject
1 (W)
3 (W)
5 (W)
9 (W)
10 (W)
12 (W)
13 (W)
18 (W)
20 (W)
21 (W)
23 (W)
Mean

Initial
10%

95.0
115.0
71.4
108.0
96.4
77.1
104.0
96.3
99.0
108.0
81.4
95.6*†#•□
(13.8)
114.0
34.1
89.9
46.4
105.0
73.7
67.4
112.0
105.0
85.0
83.3
(27.7)

70% 1RM

Final 10%

Initial
10%

129.0
170.0
106.0
184.0
92.0
125.0
138.0
126.0
207.0
127.0
146.0
140.9^
(34.0)
152.0
42.4
95.1
56.9
162.0
124.0
77.8
146.0
134.0
127.0
111.7
(41.4)

63.3
132.7
55.1
95.3
94.3
68.8
73.5
71.5
84.3
80.1
90.9
82.7*†#•
(21.0)
78.4
70.6
82.3
52.6
117.2
87.6
65.4
114.3
128.2
79.8
87.6
(24.5)

60% 1RM

50% 1RM

Final 10%

Initial
10%

Final
10%

Initial
10%

79.5
227.5
78.9
173.1
104.1
133.6
106.2
129.3
140.5
103.3
108.6
125.9^
(43.4)
105.9
132.4
103.8
67.4
176.8
119.9
88.7
133.7
190.5
94.0
121.3
(38.6)

64.6
94.8
47.4
85.5
43.3
58.4
81.9
61.3
57.3
79.6
67.8
67.4*†
(16.3)
60.7
57.4
63.9
38.2
85.8
70.1
57.8
92.1
106.9
86.0
71.9
(20.4)

93.6
178.4
83.1
183.8
58.8
117.6
106.6
113.5
154.1
89.1
117.6
117.8
(39.5)
121.5
75.9
98.5
54.5
169.4
113.6
86.6
122.1
142.5
106.4
109.1
(33.0)

62.8
97.7
38.8
49.6
61.0
40.2
74.4
40.0
75.0
61.6
53.3
59.5*†
(18.0)
49.0
46.6
47.7
30.6
48.9
44.0
62.7
61.3
99.4
62.2
55.2
(18.4)

CL-10%

CL-20%

Final 10%

Initial
10%

Final
10%

Initial
10%

Final
10%

108.6
222.0
79.4
147.2
88.8
118.1
91.9
115.6
159.4
113.1
112.3
123.3^
(40.3)
86.7
67.5
73.6
44.2
138.1
83.5
69.6
132.6
156.8
97.4
95.0
(36.1)

42.8
30.1
25.6
17.2
17.1
21.9
41.5
16.3
28.6
16.7
23.3
25.6*
(9.5)
22.0
35.3
22.7
21.5
11.8
32.2
12.7
36.6
45.1
39.3
27.9
(11.4)

69.2
89.1
78.9
120.0
101.0
79.0
92.8
125.0
79.6
62.8
121.0
92.6
(21.6)
47.3
55.6
49.5
63.9
61.6
90.3
15.9
54.8
81.0
103.0
62.3
(24.6)

38.9
43.3
18.8
35.8
16.5
22.4
47.1
15.5
43.4
16.0
20.5
28.9*
(12.7)
26.9
16.6
23.7
32.1
12.5
23.9
13.8
26.4
51.4
51.9
27.9
(13.9)

88.3
179.8
81.5
147.4
92.0
83.5
125.6
87.4
92.3
46.3
88.6
101.2
(36.5)
44.5
20.0
46.7
82.7
81.0
68.3
18.9
59.7
80.9
92.5
59.5
(26.3)

(SD)
2 (M)
4 (M)
7 (M)
11 (M)
14 (M)
16 (M)
17 (M)
19 (M)
25 (M)
27 (M)
Mean
(SD)
EMG AMP = electromyographic amplitude, 1RM = one-repetition maximum, RF = rectus femoris, CL-10% = 10% below critical load, CL-20% = 20% below critical load.
* indicates muscle activation during the initial 10% of repetitions completed was less than muscle activation during the final 10% of repetitions completed.
† indicates muscle activation during the initial 10% of repetitions completed was greater than muscle activation at CL -10% and CL-20%.
# indicates muscle activation during the initial 10% of repetitions completed was greater than muscle activation at 50% 1RM.
• indicates muscle activation during the initial 10% of repetitions completed was greater than muscle activation at 60% 1RM.
□ indicates muscle activating during the initial 10% of repetitions completed was greater than muscle activation at 70% 1RM.
^ indicates muscle activation during the final 10% of repetitions completed was greater than muscle activation at CL -10% and CL-20%.
Underline indicates muscle activating during the final 10% of repetitions completed was greater than muscle activation at 60% 1RM.
Muscle activation responses for the men were examined collapsed across muscle. For full ANOVA decomposition for muscle activation for the men, see Results section (p. 73).
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Table 9. Muscle activation (EMG AMP normalized to 1RM) for the men during repetitions
completed to failure at 80% 1RM, 70% 1RM, 60% 1RM, 50% 1RM, CL-10%, and CL-20%
(collapsed across muscle and time), as well as the initial and final 10% of repetitions
(collapsed across muscle and load).
Subject
2
4
7
11
14
16
17
19
25
27
Mean
(SD)

80%
1RM
204.9
53.3
82.3
75.7
92.3
127.6
93.4
136.3
118.5
117.8
110.2†•
(42.0)

70%
1RM
158.2
97.7
96.3
81.4
85.5
122.1
91.9
125.0
143.1
101.0
110.2†•
(25.7)

60%
1RM
129.6
57.4
88.1
93.1
74.9
153.8
70.6
111.6
130.3
100.3
101.0†•
(30.4)

50%
1RM
80.0
66.4
72.7
57.9
67.6
97.8
69.8
112.4
104.8
89.0
81.8†
(18.3)

CL-10%

CL-20%

77.9
47.6
46.2
71.1
30.4
92.1
19.3
62.2
68.2
67.7
58.3
(22.2)

75.7
39.0
43.5
58.6
35.6
73.4
16.1
65.5
68.7
67.0
54.3
(19.7)

Initial
10%
100.5
52.5
58.9
57.4
43.9
82.9
54.5
80.4
91.1
74.5
69.7*
(18.8)

Final
10%
141.6
67.9
84.1
88.6
84.9
139.3
65.9
123.9
120.1
106.4
102.3
(28.0)

EMG AMP = electromyographic amplitude, 1RM = one-repetition maximum, CL-10% = 10% below critical load, CL-20% =
20% below critical load.
* indicates muscle activation during the initial 10% of repetitions completed was less than muscle activation during the final
10% of repetitions completed.
† indicates muscle activation during repetitions completed was greater than muscle activation at CL -10% and CL-20%.
• indicates muscle activation during repetitions completed was greater than muscle activation at 50% 1RM.
These results reflect the responses in muscle activation collapsed across muscle. For full ANOVA decomposition for muscle
activation for the men, see Results section (p. 75).
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Table 10. Percent muscle oxygen saturation (%SmO2) every 10% of total repetitions
completed for loads corresponding to 70% 1RM, 60% 1RM, 50% 1RM, CL-10%, and CL-20%,
as well as collapsed values (across load) for the women and the men.
% Total
Repetitions

70%
60%
50%
CL-10%
CL-20%
Women
Men
1RM
1RM
1RM
59.4
56.9
61.0
63.7
63.0
61.9
59.6
Initial
(10.1)
(11.0)
(10.4)
(13.7)
(11.3)
(10.3)
(6.1)
54.0
50.7
51.4
53.2
49.9
52.3
51.4
10
(11.6)
(10.8)
(15.3)
(11.3)
(10.5)
(9.0)
(7.7)
44.3
37.3#
34.8#
34.0#
30.9#
38.2
34.1
20
(13.9)
(11.6)
(14.1)
(11.0)
(13.3)
(9.7)
(7.5)
33.4
23.1#
21.7#
28.2
27.0#
29.9
23.2
30
(13.9)
(12.4)
(13.7)
(13.0)
(14.2)
(11.5)
(6.9)
24.0
15.8†#
16.0†#
28.0
26.3
26.4*
17.2
40
(14.2)
(12.5)
(13.9)
(12.5)
(13.3)
(11.9)
(7.0)
17.9†
13.0†#
15.0†
26.9
25.7
24.9*
14.0
50
(15.6)
(12.0)
(14.3)
(12.7)
(12.7)
(11.7)
(7.8)
15.9†
12.9†
15.5†
27.0
25.1
24.6*
13.4
60
(16.2)
(11.8)
(14.9)
(12.1)
(11.7)
(11.7)
(8.0)
16.0†
12.9†
15.7†
27.1
24.5
24.4*
13.5
70
(16.5)
(11.7)
(15.4)
(10.9)
(11.5)
(11.5)
(8.1)
16.3†
13.4†
16.4†
27.7
26.2
24.8*
14.7
80
(16.7)
(12.1)
(15.8)
(11.2)
(10.5)
(11.2)
(8.3)
17.2†
14.5†
17.6†
27.8
27.2
25.7*
15.6
90
(16.8)
(12.9)
(16.1)
(11.3)
(10.8)
(11.1)
(8.4)
20.1†
17.3†
21.0•
29.7
28.0
27.8*
18.2
100
(17.2)
(13.6)
(15.9)
(11.4)
(11.5)
(11.2)
(8.1)
1RM = one-repetition maximum, CL-10% = 10% below critical load, CL-20% = 20% below critical load.
* indicates women had higher %SmO2 (collapsed across load) compared to the men.
† indicates %SmO2 (collapsed across sex) during repetitions completed to failure was less than at CL 10% and CL-20%.
• indicates %SmO2 (collapsed across sex) during repetitions completed to failure was less than at CL10%.

# indicates %SmO2 (collapsed across sex) during repetitions completed to failure was less than at 70%
1RM.
These responses reflect the results of the follow-up sex x time mixed model ANOVA. See Results for
full ANOVA decomposition
(p. 78).
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Figure 2. The time course of changes for the muscle oxygen saturation (%SmO2) for repetitions
completed to failure at 50% one-repetition maximum (1RM), 60% 1RM, 70% 1RM, 10% below
critical load (CL-10%), and 20% below critical load (CL-20%). These responses reflect the results of the
follow-up sex x time mixed model ANOVA. For 50% 1RM, 70% 1RM, CL-10%, and CL-20%, the
black line indicates collapsed across sex and an asterisk (*) indicates the %SmO2 was less than the
initial repetition. For 60% 1RM, the pink line indicates %SmO2 response for the women, the blue line
indicates %SmO2 response for the men, the asterisk (*) indicates the %SmO2 was less than the initial
repetition for both the men and the women, and the cross (†) indicates the women had a higher
%SmO2 at that time point than the men. See Results for full ANOVA decomposition (p. 76).
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Figure 3. The time course of changes for the electromyographic amplitude (EMG AMP) for the women
during leg extension repetitions completed to failure at 50%, 60%, and 70% one-repetition maximum
(1RM), and at 10% below critical load (CL-10%) and 20% below critical load (CL-20%), normalized to the
initial repetition. These responses reflect the results of the follow-up muscle x time repeated measures
ANOVOAs. The gray line indicates the vastus lateralis (VL), the yellow line indicates the vastus medialis
(VM), the blue line indicates the rectus femoris (RF), and the black line indicates responses were collapsed
across all three muscles. For 50% 1RM, CL-10%, and CL-20%, data points that are the same color as the trend
line indicate that point is significantly greater than the initial repetition completed. For 60% 1RM and 70%
1RM, an asterisk (*) indicate that data point is significantly greater than the initial repetition. See Results
for full ANOVA decomposition (p. 83).
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Figure 4. The time course of changes for the electromyographic amplitude (EMG AMP) for the men during
leg extension repetitions completed to failure at 50%, 60%, and 70% one-repetition maximum (1RM), and
at 10% below critical load (CL-10%) and 20% below critical load (CL-20%), normalized to the initial
repetition. These responses reflect the results of the follow-up muscle x time repeated measures ANOVAs.
The gray line indicates the vastus lateralis (VL), the yellow line indicates the vastus medialis (VM), the
blue line indicates the rectus femoris (RF), and the black line indicates responses were collapsed across all
three muscles. For 50% 1RM, 70% 1RM, CL-10%, and CL-20%, data points that are the same color as the
trend line indicate that point is significantly greater than the initial repetition completed. For 60% 1RM, an
asterisk (*) indicate that data point is significantly greater than the initial repetition. See Results for full
ANOVA decomposition (p. 86).
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Figure 5. The time course of changes for the electromyographic mean power frequency (EMG MPF) for the
women during leg extension repetitions completed to failure at 50%, 60%, and 70% one-repetition maximum
(1RM), and at 10% below critical load (CL-10%) and 20% below critical load (CL-20%), normalized to the initial
repetition. These responses reflect the results of the follow-up muscle x time repeated measures ANOVAs. The
gray line indicates the vastus lateralis (VL), the yellow line indicates the vastus medialis (VM), and the blue
line indicates the rectus femoris (RF). For 50% 1RM, 60% 1RM, 70% 1RM, CL-10%, and CL-20%, data points
that are the same color as the trend line indicate that point is significantly different than the initial repetition
completed. See Results for full ANOVA decomposition (p. 89).
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Figure 6. The time course of changes for the electromyographic mean power frequency (EMG MPF)
for the men during leg extension repetitions completed to failure at 50%, 60%, and 70% one-repetition
maximum (1RM), and at 10% below critical load (CL-10%) and 20% below critical load (CL-20%),
normalized to the initial repetition. These responses reflect the results of the follow-up one-way
repeated measures ANOVAs (collapsed across muscle). The responses were collapsed across all three
muscles for each load. For all loads, an asterisk (*) indicates that data point is significantly different
than the initial repetition. See Results for full ANOVA decomposition (p. 93).
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Figure 7. The time course of changes for the mechanomyographic amplitude (MMG AMP)
collapsed across sex during leg extension repetitions completed to failure at 50%, 60%,
and 70% one-repetition maximum (1RM), and at 10% below critical load (CL-10%) and
20% below critical load (CL-20%), normalized to the initial repetition. These responses
reflect the results of the follow-up one-way repeated measures ANOVAs (collapsed across
muscle and sex). The responses were collapsed across all three muscles for each load. For
all loads, an asterisk (*) indicates that data point is significantly greater than the initial
repetition. See Results for full ANOVA decomposition (pg. 95).
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Figure 8. The time course of changes for the mechanomyograhpic mean power frequency (MMG MPF) for
the women during leg extension repetitions completed to failure at 50%, 60%, and 70% one-repetition
maximum (1RM), and at 10% below critical load (CL-10%) and 20% below critical load (CL-20%),
normalized to the initial repetition. These responses reflect the results of the follow-up muscle x time
repeated measures ANOVAs. The gray line indicates the vastus lateralis (VL), the yellow line indicates the
vastus medialis (VM), the blue line indicates the rectus femoris (RF), and the black line indicates responses
were collapsed across all three muscles. For 50% 1RM, 70% 1RM, CL-10%, and CL-20%, data points that are
the same color as the trend line indicate that point is significantly different than the initial repetition
completed. For 60% 1RM, an asterisk (*) indicate that data point is significantly different than the initial
repetition. See Results for full ANOVA decomposition (p. 97).
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Figure 9. The time course of changes for the mechanomyograhpic mean power
frequency (MMG MPF) for the men (collapsed across load) during leg extension
repetitions completed to failure for the vastus lateralis (VL), vastus medialis (VM),
and rectus femoris (RF), normalized to the initial repetition. An asterisk (*)
indicates that data point is significantly different than the initial repetition. See
Results for full ANOVA decomposition (p. 100).
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Discussion
The present study examined performance fatigability, muscle activation, and muscle
oxygen saturation responses in men and women when repetitions of the bilateral leg
extension were completed to failure below (CL-10% and CL-20%) and above (50% 1RM, 60%
1RM, 70% 1RM, and 80% 1RM) the CL. In addition, the patterns of responses and time
course of changes in neuromuscular (EMG AMP, EMG MPF, MMG AMP, and MMG
MPF) and muscle oxygen saturation responses were observed below and above the CL in
men and women.

4.1.8

The Critical Load Estimate

For the present study, the mean CL estimate for all subjects was 17.6 kg (24.9%
1RM). The r2 values ranged from 0.7893 to 0.9930 (0.9107 ± 0.0691) and the standard
error of the estimate ranged from 14 to 72 kg x reps (34.4 ± 18.0 kg x reps).
4.1.9

The Critical Load: Examination of Sex-Specific Mechanisms of Fatigue

In the present study, the men demonstrated a greater absolute 1RM, as well as lifted
heavier absolute loads at 50%, 60%, 70%, and 80% 1RM to determine the CL (Table 3).
In addition, the absolute loads lifted during repetitions performed to failure at CL-10% and
CL-20% were greater for the men compared to the women. In the current study, the CL for
the women was 14.5 kg (24.5% 1RM) and for the men was 21.0 kg (25.4% 1RM), with the
mean CL (collapsed across sex) equal to 17.6 kg (24.9% 1RM). In previous studies, men
and women have demonstrated a CL equal to 26 kg (27% 1RM) and 17 kg (26% 1RM),
respectively, for the bilateral leg extension exercise (33) and CL values of 62 kg (37%
1RM) and 48 kg (41% 1RM), respectively, for the whole-body exercise, the deadlift (32).
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Further, we, along with other authors, have previously reported a higher relative CL
(%1RM or %MVC) in women compared to men for the deadlift, as well as for intermittent,
isometric muscle actions of the leg extensors (9,22,32). Interestingly, in the present study,
although the men demonstrated a higher absolute kg load corresponding to CL (men: 21.0
kg; women: 14.5 kg), CL-10% (men: 18.8 kg; women: 13.4 kg), and CL-20% (men: 16.9 kg;
women: 11.7 kg) than the women, there was no difference in the relative (%1RM) load
corresponding to CL-10% (men: 22.9 ± 6.9%; women: 22.0 ± 6.3%) or CL-20% (men: 20.4 ±
6.1%; women: 19.3 ± 5.6%). These findings were similar to our previous study examining
the bilateral leg extension exercise (33). The lack of differences in the relative load between
the sexes could be due to the relatively large range of absolute kg for the CL-10% (men: 1124 kg; women: 8-20 kg) and CL-20% (men: 10-32 kg; women: 7-17 kg), as well as the range
for the %1RM corresponding to CL-10% (men: 12-33%; women: 14-32%) and CL-20% (men:
11-29%; women: 12-28%). In addition, the mathematical modeling used in the current
study to derive the CL relied on the total work versus repetitions completed relationship,
consistent with our previous studies (30,31,32,33). For the whole-body exercise, the
deadlift, this modeling was sensitive to detect sex-related differences in muscular
performance, as women (41% 1RM; 58 ± 12 repetitions) demonstrated a higher relative
CL, as well as completed more repetitions to failure at the CL, compared to the men (37%
1RM; 45 ± 14 repetitions) (32); however, for the local, DCER leg extension exercise, this
modeling may not be sensitive to detect sex-related differences in muscular performance.
To this point, the women in the current study performed more repetitions than the men for
the bilateral leg extension exercise, but this was not reflected with differences in the relative
CL estimate. This may be due to a lower range of loads used to derive the CL estimate for
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an isolated muscle action, like the leg extension, compared to a whole-body exercise that
utilizes a larger amount of active muscle mass. Thus, a wider range of loads may be
required to derive CL estimates to determine if the total work versus repetitions completed
modeling is sensitive to detect sex-related differences in performance for isolated muscle
actions. Therefore, for the current study, the comparisons for muscular performance and
performance fatigability between the men and women were based on individual fatigue
thresholds derived from the relationship between total work and repetitions completed but
were performed at similar relative loads corresponding to the 1RM.

Previously, investigators have demonstrated sex-specific responses in muscular
performance (23,31,33,118) and performance fatigability (5,6,7,61,63,102,118). Typically,
women have been reported to be more fatigue-resistant than men when performing muscle
actions to failure at lower loads (≤ 50% MVC; ≤ 70% 1RM) compared to higher loads (>
50% MVC; > 70% 1RM) (23,54,55,74,118), but equivocal findings have been reported for
performance fatigability (5,6,7,61,63,102). Specifically, during bilateral, maximal,
isokinetic muscle actions of the leg extensors, as well as unilateral, maximal velocity,
concentric-only muscle actions of the forearm flexors, authors reported no sex-specific
difference in MVC force after the fatiguing task (5,102). However, Keller et al. (63) and
Senefeld et al. (102) reported greater performance fatigability in the men than the women
after bilateral, sustained isometric muscle actions of the leg extensors performed at a rating
of perceived exertion (RPE) at an RPE = 2 (63) and after unilateral, maximal velocity,
concentric-only muscle actions of the leg extensors performed at 20% MVC (98). In
addition, Ansdell et al. (9) demonstrated greater fatigue-resistance in women compared to
men when intermittent isometric muscle actions of the leg extensors were performed 10%
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below and 10% above the critical force. Specifically, when performed 10% above the
critical force, the women maintained the fatiguing task 2 times longer than the men and
demonstrated lesser decreases in MVC force, potentiated twitch, deoxygenated muscle
hemoglobin, and percent saturation, as well as increased oxygenated muscle hemoglobin
during the fatiguing task compared to the men (9). Further, when performed 10% below
the critical force, both the men and women maintained the fatiguing task for 45 min and
did not reach task failure, but women exhibited greater increases in oxygenated muscle
hemoglobin throughout the fatiguing task compared to the men (9). Based on these
findings, we hypothesized women would have higher fatigue-resistance than the men when
repetitions were performed to failure below the CL (CL-10% and CL-20%), but that there
would be no difference between the men and the women in fatigue-resistance when
repetitions were performed to failure above the CL (50%, 60%, 70%, and 80% 1RM). Our
data do not support this hypothesis, and instead indicated the women demonstrated greater
fatigue-resistance compared to the men above the CL. Specifically, the women completed
more repetitions to failure than the men above the CL and demonstrated similar degrees of
performance fatigability as the men (except for 70% 1RM). Further, while the men and the
women did not demonstrate a difference in the number of repetitions completed to failure
at 70% 1RM, the women demonstrated less performance fatigability (6.6 ± 11.9%) than
the men (17.5 ± 10.4%; Table 5) after performing repetitions to failure at 70% 1RM. When
examining the sex-specific responses below the CL, despite the lack of statistical
significance, the women completed 35.9% and 29.3% more repetitions to failure at CL-10%
and CL-20%, respectively, than the men, as well as accumulated greater than 30% more time
under tension than the men during repetitions completed to failure below the CL (Table 4).
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The lack of significance may be a product of the variability in the number of repetitions
completed and time under tension accumulated at CL-10% and CL-20%. To this point, the
range of responses for repetitions completed to failure at CL-10% for the women was 39
(84.4 sec) to 126 (272.4 sec) repetitions while the men completed 29 (61.5 sec) to 113
(243.6 sec) repetitions (Table 4). For repetitions completed to failure at CL-20%, the range
of responses for the women was 43 (94.6 sec) to 187 (393.6 sec) repetitions and for the
men the range of responses was 33 (71.3 sec) to 145 (313.2 sec) repetitions (Table 4). Thus,
during DCER exercise, the women appeared to be more fatigue-resistant at both lower and
higher loads than the men. This indicated there may be mode- and intensity-specific
responses in muscular performance and performance fatigability that influence the sexspecific responses observed in the current literature.

Previously, authors have hypothesized blood flow, muscle mass, and substrate
metabolism may contribute to the appearance of sex-dependent responses in muscular
performance and performance fatigability at various loads (48,56). Specifically, Clark et
al. (23) demonstrated a 21.3% greater time to task failure in women during unilateral,
sustained isometric muscle actions of the leg extensors compared to men when performed
at 25% MVC. Interestingly, when the same unilateral, sustained isometric muscle actions
of the leg extensors were performed in a blood flow occluded condition, there was no
difference in the time to exhaustion between men and women (23). To corroborate this,
Hill et al. (49) demonstrated no difference in post-exercise hyperemia immediately
following the performance of fatiguing, isokinetic, eccentric muscle actions of the forearm
flexors at 40% and 80% peak eccentric torque but did demonstrate a slower rate of recovery
in blood flow in the men compared to the women at 5-min post-test. Authors hypothesized
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this may be due to the men exhibiting greater absolute strength than the women that may
have led to greater blood flow occlusion to overcome after the fatiguing task (49).
Interestingly, however, there was no sex, intensity, or strength effect on performance
fatigability after performing fatiguing, isokinetic, eccentric muscle actions of the forearm
flexors at 40% and 80% peak eccentric torque (49). More recently, however, authors have
demonstrated sex-dependent responses in performance fatigability that were independent
of blood flow (63). When anchored to a RPE = 2, men demonstrated greater performance
fatigability compared to women (30.9% vs. 13.6%) and greater decreases in force
throughout the fatiguing task to maintain a RPE = 2 (61.0% vs. 34.7%); however, there
were no differences in femoral artery blood flow immediately following task cessation
(63). Authors hypothesized this may be due to the nature of the task, which allows for force
fluctuations to maintain the set RPE = 2 and may indicate men and women self-select an
intensity that allows for sufficient blood flow to the working muscle mass (63). Further,
Ansdell et al. (9) compared sex-specific responses in fatigability when performed 10%
above and 10% below the critical force. Authors demonstrated that the women were more
fatigue-resistant both above and below the critical force compared to the men and
hypothesized the sex-dependent nature of the responses may be related to differences in
oxygen saturation and calcium handling properties of the working muscles (9). Therefore,
based on these previous studies, muscular performance and performance fatigability may
be dependent on load, muscle mass, and initial strength, which all seem to affect blood
flow during the task and subsequent active hyperemia.

In the current study, the women demonstrated greater fatigue-resistance above the
CL when repetitions were completed to failure at 50%, 60%, 70%, and 80% 1RM, as well
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as below the CL at CL-10% and CL-20%, as they were able to complete more repetitions to
failure at the given load but demonstrate a similar degree of performance fatigability as the
men. Authors who have previously demonstrated women were more fatigue-resistant than
men at lower, but not higher loads, utilized intermittent isometric, sustained isometric, or
isokinetic muscle actions to examine fatigue responses between the sexes (9,23,63). The
current study used DCER exercise to examine fatigue, which may influence the effects of
muscle mass and blood flow differently than muscle actions that do not have shortening or
lengthening phases or are passively controlled through the eccentric or concentric phases.
To this point, the men in the current study had significantly greater quadricep mineral free
lean mass (MFLM) than the women (Table 1). Muscle mass has been hypothesized to affect
blood flow during exercise, such that increased intramuscular pressure occludes blood flow
(48,88) and may lead to cessation of exercise sooner. During repeated muscle actions,
increased intramuscular pressure can lead to the occlusion of vasculature surrounding the
muscle belly (99). In particular, the capillaries are of interest as they have the thinnest
vascular walls with no surrounding smooth muscle (116) and blood flow during exercise
has been linked to the pressure that develops around the capillaries (99). In the current
study, %SmO2 was measured from the vastus lateralis during fatiguing muscle actions of
the leg extensors, which provides an estimate of the percent oxygen saturation at the
capillary level (26,40,75). During repetitions completed to failure at all loads (50%, 60%,
70%, and 80% 1RM; CL-10%, CL-20%), the women demonstrated greater %SmO2 from 40100% of total repetitions completed (Table 10). This is consistent with previous reports
that have examined leg vasodilation during single-limb leg extension at incremental
workloads (88). Specifically, men and women completed an incremental single-limb leg
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extension test such that a maximal workload was achieved for both sexes (88). To note, the
increase in workload was different for men and women to ensure the same time to
exhaustion was reached for both sexes. Authors reported the women demonstrated greater
femoral artery blood flow than the men at workloads ≥ 15 W (39% peak workload for the
men and 60% peak workload for the women), as well as greater blood flow and vascular
conductance when normalized to quadriceps muscle mass (88). In the current study, the
women had less quadriceps MFLM than the men. This may have reduced the degree of
intramuscular pressure that could occur within the muscles of the quadriceps and the
surrounding vasculature, thus promoting greater blood flow during the repetitions
completed to failure at lower and higher loads. In addition, Hunter et al. (55) previously
demonstrated increases in reactive hyperemia with increases in force from 20% to 80% of
MVC force that were dependent on sex and initial strength. In the current study, the men
were stronger than the women in their absolute 1RM strength and completed repetitions to
failure at a higher absolute load than the women (Table 3). The demonstration of greater
blood flow at all loads for the women may be a product of decreased quadriceps muscle
mass and absolute strength that attenuated blood flow occlusion during the fatiguing task.
This may have allowed the women to complete more repetitions to failure than the men
above the CL and accumulate >30% more repetitions than the men below the CL by
prolonging the time before any potential compromises to metabolic byproduct removal and
oxygen extraction during the longer duration trials. Therefore, performance fatigability
may be dependent on the mode of exercise being performed, as well as the amount of
muscle mass in the active muscle required for completing the muscle action.

129

Although blood flow and intramuscular pressure provide strong evidence for the
sex-related difference in the number of repetitions completed to failure, but similar
performance fatigability between the men and the women in the current study, authors have
also hypothesized substrate utilization may differ between men and women and lead to
discrepancies in the fatigue response between the sexes (48,57). Specifically, women have
been reported to express a greater proportion of Type I muscle fibers (45,48,57,110,117),
a greater reliance on the oxidative pathway for ATP, and lower glycolytic rates during
muscle actions compared to men (66,95,96). In addition, the higher oxidative capacity of
Type I muscle fibers promotes oxygen delivery to the working muscle for continued energy
production. In conjunction with increased %SmO2 in the women compared to the men
during repetitions performed to failure at all loads above and below the CL, possibly due
to less intramuscular pressure by surrounding musculature, the potential reliance on
oxidative metabolism for ATP for the women during these muscle actions may have also
contributed to a greater ability to complete more repetitions to failure. Further, with
repeated muscle actions and a reliance on the PCr and anaerobic glycolysis systems for
ATP production, metabolites such as hydrogen ions, inorganic phosphate, ammonia, and
potassium ions begin to accumulate in the working muscle (66,68,111). For the men, a
potentially greater reliance on PCr and anaerobic glycolysis due to differences in fiber type
proportion compared to women (66,96) may have led to greater metabolite production and
subsequent accumulation due to intramuscular pressure of the surrounding musculature
(48,88). Accumulation of metabolic byproducts triggers the firing of mechano- and
metabosensitive group III and group IV afferent fibers (4,112). The activation of group III
and group IV afferents can lead to an increase in perceived effort and fatigue (37), which
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may have contributed to earlier task failure in the men compared to the women. Thus, the
greater fatigue-resistance in the women compared to the men in the current study may be
due to fiber type distribution, substrate metabolism, and blood flow dynamics that
differentially affect metabolite accumulation and afferent feedback in men and women.
Future studies should include muscle biopsies to determine muscle fiber type distribution
of the active muscles. In addition, measuring metabolite and ion accumulation, as well as
blood flow via Doppler ultrasound will help provide insight on blood flow dynamics and
the potential effects of metabolic byproduct accumulation on sex-related differences in
performance fatigability.

4.1.10 Sex- and Load-Dependent Time Course of Neuromuscular and Muscle
Oxygen Saturation Responses
4.1.10.1 Neuromuscular Responses
Neuromuscular responses are commonly examined during fatiguing exercise to
make inferences regarding muscle activation and motor unit recruitment patterns for
continued force production. Specifically, surface electromyography (EMG) and
mechanomyography (MMG) provide information on the electrical and mechanical
components of muscle actions, respectively, and have both time (amplitude [AMP]) and
frequency (mean power frequency [MPF]) domains (12,13,14,84). For the EMG signal, the
AMP reflects muscle activation that includes both motor unit recruitment and motor unit
firing rate, while the MPF reflects the motor unit action potential conduction velocity
traveling along the sarcolemma (14,16). In contrast, the MMG AMP signal records the
lateral oscillations of the muscle fibers and reflects motor unit recruitment, whereas the
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MMG MPF signal reflects global motor unit firing rate (12,13,14,15,84). Taken together,
EMG and MMG, AMP and MPF responses during fatiguing exercise can give insight to
potential fatigue mechanisms occurring during the task.

Previously, authors have examined the time course of neuromuscular responses
during intermittent isometric, sustained isometric, and isokinetic muscle actions and have
reported equivocal findings in neuromuscular responses across time (6,7,61,107,108).
Specifically, Smith et al. (108) demonstrated increases in EMG AMP and MMG AMP and
decreases in EMG MPF during unilateral, concentric-only DCER leg extensions that had a
similar onset of fatigue-induced changes when performed at either 30% 1RM or 70% 1RM;
however, for MMG MPF, fatigue-induced decreases began at 60% of total repetitions
completed when performed at 30% 1RM and at 20% of total repetitions completed when
performed at 70% 1RM (108). Authors suggested the earlier decrease in MMG MPF during
repetitions performed to failure at 70% 1RM was due to an earlier decrease in global motor
unit firing rate that arose from the recruitment of additional motor units to maintain force
production (108). Further, during the performance of 25, maximal, isokinetic leg
extensions, investigators examined the neuromuscular responses of the three superficial
quadricep muscles (107). For the EMG signals, authors reported increases in EMG AMP
and decreases in EMG MPF that began at a later time point for the VL compared to the
VM and the RF. The authors reported no change across time for the VM and RF in MMG
AMP but an increase in MMG AMP for the VL from 60-100% of total repetitions
completed, and no change in MMG MPF for the VL, VM, or RF (107). Interestingly, in
the current study, the men and women demonstrated a later onset of fatigue-induced
changes in the RF for EMG AMP compared to the VL and VM when performed to failure
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at all loads (Figures 3 & 4). For EMG MPF, however, the women demonstrated a later
onset of fatigue-induced changes when performed at lower loads (50% 1RM, CL-10%, and
CL-20%) but not higher loads (60% 1RM, 70% 1RM; Figure 5) compared to the men, and
no muscle-specific response in EMG MPF for the men (Figure 6). When bilateral, sustained
isometric muscle actions of the leg extensors were performed at a force corresponding to
RPE = 2, RPE = 5, or RPE = 8, authors reported increases in EMG AMP and MMG AMP
and decreases in MMG MPF for all three RPE conditions (61). For EMG MPF, however,
Keller et al. (61) reported no change across time when performed at RPE = 1 and decreases
in EMG MPF for RPE = 5 and RPE = 8, which authors attributed to little changes occurring
in metabolite accumulation at the force associated with RPE = 1 as EMG MPF is sensitive
to changes in metabolite accumulation (38). Anders et al. (6,7) reported sex-specific
responses in EMG AMP and MMG AMP such that there were increases in EMG AMP and
decreases in MMG AMP for the men (6) but no change across time in EMG AMP for the
women (7) during the performance of 50, maximal, isokinetic muscle actions of the leg
extensors. There were no sex-specific responses in EMG MPF or MMG MPF and instead
the men and the women both demonstrated decreases across time for both signals (6,7).
Based on these reports, fatigue-induced changes in EMG AMP, EMG MPF, MMG AMP,
and MMG MPF are muscle- and sex-specific and appear to be mode-dependent.

For EMG AMP in the current study, there were increases above baseline for both
the men and the women during repetitions performed to failure at loads above (50%, 60%,
and 70% 1RM) and below (CL-10% and CL-20%) the CL (Figures 3 & 4). This indicated that
there were increases in muscle activation, as a product of increased motor unit recruitment
and/or motor unit firing rate (14,16), during the fatiguing task at all loads. Interestingly,
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both the VL and the VM responded similarly for the men and the women in terms of the
onset of fatigue-induced increases in EMG AMP (Figure 3 & 4). However, for the men,
the RF demonstrated a later onset of fatigue-induced increases compared to the women.
Specifically, for the men, the RF did not demonstrate a significant increase in EMG AMP
until 30-60% of total repetitions completed for all loads (Figure 4), while the women
demonstrated fatigue-induced increases beginning at 10-40% of total repetitions completed
(Figure 3). Previously, investigators have reported a reliance on the RF sooner than the VL
when 25, maximal, concentric muscle actions of the leg extensors were performed as
fatigue-induced increases in EMG AMP occurred earlier for the RF (16% of total
repetitions completed) compared to the VL (36% of total repetitions completed) (107). In
addition, Pincivero et al. (92) reported similar non-linear increases in EMG AMP over time
for all 3 superficial quadricep muscles (VL, VM, and RF) during unilateral leg extensions
performed to failure at 50% 1RM and linear increases in EMG AMP during submaximal,
isokinetic muscle actions of the leg extensors performed at an RPE = 1 to RPE = 9 (91).
Further, both foot position and range of motion have been reported to affect EMG activity
of the superficial quadriceps muscles, with activation levels of the VL, VM, and RF
changing dependent on the foot position and knee joint angle (2,104). In the current study,
the men and the women demonstrated a different onset of fatigue-induced increases in
EMG AMP in the RF. It is possible there were adjustments to foot placement or leg rotation
during the fatiguing tasks to continue to produce the force necessary to complete repetitions
through the full range of motion. This may have shifted the muscle that was predominately
relied on during the repetitions and may indicate that men and women choose different
techniques during the isolated bilateral, DCER leg extension exercise to continue to
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perform repetitions to failure at various loads. Interestingly, authors have also reported
greater EMG AMP activity in the VL muscle compared to the VM and RF muscles during
submaximal, isokinetic muscle actions of the leg extensors (91), as well as during
submaximal muscle actions of the leg extensors performed at 20-40% 1RM (2). In the
current study, the fatigue-induced increases in EMG AMP for the VL occurred sooner than
for the RF for both the men and the women. Thus, combined with previous reports of
greater EMG AMP in the VL compared to the RF (2,91), a greater reliance on force
production from the VL may precede that of the RF muscle during bilateral, DCER, leg
extension exercise

While there were few sex-specific responses in the fatigue-induced changes in
EMG AMP, there were load-specific responses such that repetitions performed to failure
at lower loads (50% 1RM, CL-10%, and CL-20%) resulted in increases in EMG AMP that
were either linear, quadratic, or cubic, as well as had various timepoints for the onset of
fatigue-induced increases in EMG AMP at each load and for each muscle, while repetitions
performed to failure at higher loads (60% and 70% 1RM) demonstrated increases in EMG
AMP that were not muscle-specific (i.e., results were collapsed across muscle). This may
indicate that at lower loads, the three superficial quadricep muscles may not be relied on
to the same extent throughout the entirety of the performance, such that there are
differences in the onset of fatigue-induced increases in EMG AMP that are dependent on
the requirement of that muscle to contribute to force production. Conversely, when
performed at higher loads, the superficial quadricep muscles may act more synergistically
such that there are no muscle-specific responses, but instead the VL, VM, and RF are
recruited simultaneously to aid in force production (2). Therefore, the load as well as the
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technique or foot placement used throughout the performance of repetitions to failure at
various loads above and the below the CL may dictate the nature and onset of fatigueinduced increases in EMG AMP so that the most efficient technique is utilized for force
production.

Generally, for both sexes, there were initial increases above baseline in EMG MPF
that began anywhere from 10% to 40% of total repetitions completed and decreases in
EMG MPF that began anywhere from 40% to 100% of total repetitions completed.
Increases in EMG MPF have been associated with increases in muscle temperature (89,90),
while decreases in EMG MPF are associated with decreases in motor unit action potential
conduction velocity and are typically a result of increased metabolite accumulation
(hydrogen ions, inorganic phosphate, ammonia, and potassium ions) that can reduce
membrane excitability (38). Previously, investigators have documented rapid increases in
muscle temperature during submaximal cycling (100) as well as during isotonic,
concentric, bilateral muscle actions of the leg extensors (65). To this point, increased
muscle temperature has been associated with decreases in the resistance of the sarcolemma
(89). Specifically, increased muscle temperature causes an increase in the opening and
closing of voltage-gated sodium channels, a subsequent decrease in the duration of action
potentials, and thus increased motor unit action potential conduction velocity traveling
along the sarcolemma (97). Therefore, the initial rise in EMG MPF for repetitions
completed to failure at all loads above and below the CL may be due to increased muscle
temperature and the subsequent increase in motor unit action potential conduction velocity
at the onset of exercise that influenced the EMG MPF signal to a greater degree than any
metabolite accumulation that could decrease the signal. After the initial increase in EMG
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MPF, there was a short duration of no change from the initial 10% of repetitions completed,
followed by a decrease beginning as soon as 40% of total repetitions completed and
continuing until task failure. Although the initial increase above baseline in EMG MPF
was likely driven by changes in muscle temperature, it is possible there were competing
influences between increased muscle temperature (which increases EMG MPF) and
increased metabolite accumulation (which decreases EMG MPF) that led to no change
across time during the middle portion of the fatiguing leg extension trials. Conversely, it
appears metabolite accumulation had a larger influence on the EMG MPF signal during the
latter portion of repetitions completed to failure at all loads, as evidenced by reductions in
motor unit action potential conduction velocity that were below baseline. Further, when
repetitions were performed to failure above the CL (50%, 60%, and 70% 1RM), there was
generally no difference in the onset of fatigue-induced decreases in EMG MPF between
the men and the women. However, when performed below the CL at CL-10% and CL-20%,
the women demonstrated an earlier onset of fatigue-induced decreases in EMG MPF (4060% of total repetitions completed) while the men did not demonstrate a decrease in EMG
MPF until 90% or 100% of total repetitions completed (Figures 5 & 6). For repetitions
completed to failure at CL-10%, the women demonstrated decreases in EMG MPF that began
at 60% of total repetitions completed for the VL and at 80% and 90% of total repetitions
completed for the VM and RF, respectively. In addition, at CL-20%, the women
demonstrated fatigue-induced decreases in EMG MPF that began at 40%, 60%, and 50%
for the VL, VM, and RF, respectively, while the men did not demonstrate decreases until
100% of total repetitions completed. To this point, although the women demonstrated an
earlier onset of fatigue-induced decreases in EMG MPF, they were able to sustain force
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production and complete repetitions for about twice as long after the initial onset of fatigueinduced decreases occurred when performed at CL-20% (Figure 5), compared to the men
who reached task failure as soon as the fatigue-induced decrease in EMG MPF occurred
(Figure 6). This may indicate the women relied more on fatigue-resistant Type I muscle
fibers that have greater oxidative capacity during the repetitions performed to failure at
loads below the CL. Further, the women also demonstrated a higher %SmO2 compared to
the men during repetitions performed to failure at all loads from 40-100% of total
repetitions completed (Table 10). This may indicate increased blood flow and oxidative
capacity in the women to remove metabolites and generate ATP through aerobic energy
production, respectively. Previously, we suggested the men relied more on PCr and
anerobic ATP production, which may lead to greater metabolite accumulation. The results
of the EMG MPF response below the CL at CL-10% and CL-20% support this hypothesis as
the women appeared to be less influenced by decreases in EMG MPF that were likely due
to metabolite accumulation compared to the men, as the women completed more repetitions
to failure after the onset of fatigue-induced decreases than the men. Therefore, differences
in the onset of fatigue-induced changes in EMG MPF at loads below the CL may be due to
differences in fiber type distribution and utilization in men and women.

Unlike EMG AMP and EMG MPF, there were no sex- or muscle-specific responses
for MMG AMP. There were load-specific responses that demonstrated slight differences
in the onset of fatigue-induced increases in MMG AMP (motor unit recruitment).
Specifically, for repetitions performed to failure at 50% and 60% 1RM, there were cubic
(50% 1RM) and quadratic (60% 1RM) increases, respectively, from 10-100% of total
repetitions to failure. At 70% 1RM, there was a cubic increase from 30-100% of total
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repetitions completed, while at CL-10% and CL-20%, there were quadratic increases from 20100% of total repetitions completed (Figure 7). The later increase in motor unit recruitment
at 70% 1RM compared to the lower loads in the current study is consistent with the MMG
AMP response previously reported during unilateral, concentric-only leg extension
repetitions performed to failure at 30% and 70% 1RM (108). Authors reported fatigueinduced increases at 30% 1RM that began at 10% of total repetitions completed, while the
fatigue-induced increases in MMG AMP at 70% 1RM began at 20% of total repetitions
completed (108). Previously, authors have attributed an earlier onset of fatigue-induced
increases in motor unit recruitment at lower loads compared to higher loads to a greater
reserve of motor units that have not yet been recruited during the repetitions performed at
lower loads (20,58,83,108). Interestingly, in the current study, muscle activation during the
initial 10% of repetitions completed to failure at lower loads was less than that at higher
loads, but all loads demonstrated muscle activation of ≥100% during the final 10% of
repetitions completed (Tables 6-8), demonstrating a greater “reserve” of motor units to be
recruited at lower compared to higher loads. Thus, the later onset of fatigue-induced
increases in MMG AMP at 70% 1RM in the current study may be due to more motor units
recruited at the onset of exercise which influenced the MMG AMP signal to a lesser extent
compared to lower loads. Further, the fatigue-induced increases in MMG AMP continued
until 100% of total repetitions completed for all loads which indicated increases in motor
unit recruitment was required to maintain force production. In general, the fatigue-induced
increase in MMG AMP coincided with the fatigue-induced increase in EMG AMP,
indicating the increases in EMG AMP may have been influenced to a greater degree by
increases in motor unit recruitment, with small contributions from increases in motor unit
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firing rates of the previously recruited motor units. To note, there were increases in MMG
MPF, which reflects the global motor unit firing rate, above baseline until ~40% to 70% of
total repetitions completed (Figure 8 & 9). Thus, the increases in EMG AMP above and
below the CL may have been influenced by both increases in motor unit recruitment (MMG
AMP) as well as increases in global motor unit firing rate (MMG MPF) that were above
baseline for the first half of the fatiguing task. After the first 40-70% of total repetitions
completed where MMG MPF was above baseline, there were decreases in MMG MPF
from the initial 10% of repetitions completed that began as early as 60% of total repetitions
completed and continued until task failure (Figures 8 & 9). Decreases in MMG MPF are
attributed to the recruitment of higher threshold motor units that have lower motor unit
firing rates (24,27,28). Therefore, the increases in MMG AMP were likely due to an
increased reliance on higher threshold (Type II) muscle fibers that have inherently lower
firing rates than lower threshold (Type I) muscle fibers (24,27,28) and thus decreased
global motor unit firing rate during the fatiguing task. Interestingly, while the women
demonstrated muscle- and load-specific responses in fatigue-induced increases in MMG
MPF, the men demonstrated only muscle-specific responses. Generally, the men
demonstrated an earlier onset of fatigue-induced decreases in MMG MPF in the VL and
VM compared to the women, but there was no difference in the onset of fatigue-induced
decreases in the RF between the men and the women (Figures 8 & 9). Previously, authors
have indicated women have more Type I muscle fibers compared to men
(45,48,55,110,117). As previously noted, lower threshold, Type I muscle fibers have higher
global motor unit firing rates than do higher threshold, Type II muscle fibers (24,27,28).
Together, this may indicate the women relied more on Type I muscle fibers than the men
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did as evidenced by a later decrease in the global motor unit firing rate (MMG MPF)
compared to the men for the VL and VM muscles, as well as greater %SmO2 during all
loads that may indicate an increased blood flow and oxidative capacity in the women
compared to the men. Thus, while the pattern of responses was similar between the men
and women in the current study, the onset of fatigue-induced changes in neuromuscular
responses may be dependent on variability of fiber type distribution and utilization between
men and women.

In the current study, there were similar patterns of responses in EMG AMP, MMG
AMP, and MMG MPF above (50%, 60%, and 70% 1RM) and below (CL-10% and CL-20%)
the CL. Previously, authors have used the patterns of EMG AMP, MMG AMP, and MMG
MPF responses during fatiguing muscle actions to make inferences on the motor unit
activation strategy that characterizes the ability to maintain force production (107,109).
Currently, three strategies may explain the motor unit activation strategy used during
fatiguing tasks: The Onion Skin Scheme (24,27,28), Muscular Wisdom (72), and the
Afterhyperpolarization Theory (35). The Onion Skin Scheme and Muscular Wisdom
strategies are characterized by increases in EMG AMP (muscle activation) and MMG AMP
(motor unit recruitment) and decreases in MMG MPF (motor unit firing rate)
(24,27,28,72). For both the Onion Skin Scheme and Muscular Wisdom strategies, increases
in EMG AMP and MMG AMP are due to increases in muscle activation and motor unit
recruitment, respectively (24,27,28,72). For the Onion Skin Scheme, the decrease in MMG
MPF is suggested to reflect decreases in the global motor unit firing rate due to the
recruitment of higher threshold motor units that have lower motor unit firing rates
(24,27,28). For Muscular Wisdom, however, authors suggested the decrease in MMG MPF
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is due to synchronization of muscle fibers and increased relaxation time of the muscle (72).
Conversely, the Afterhyperpolarization suggests there are increases in muscle activation
(EMG AMP), motor unit recruitment (MMG AMP), and global motor unit firing rate
(MMG MPF) throughout fatiguing tasks (35). Previously, during fatiguing, maximal,
isokinetic, concentric-only muscle actions of the leg extensors and during intermittent
isometric muscle actions of the leg extensors performed at 60% MVC, authors reported
either the Onion Skin Scheme or Muscular Wisdom best explained the motor unit
activation strategy used during fatiguing muscle actions (107,109). Based on these studies,
we hypothesized there would be similar motor unit activation strategies utilized between
the men and the women during repetitions completed to failure above and below the CL.
Our results support this hypothesis as we did not note any differences in the men and the
women in the current study in the direction (i.e., positive or negative) of neuromuscular
responses, and few differences in the onset of fatigue-induced changes in the
neuromuscular signals. Further, the increases in EMG AMP and MMG AMP, and
decreases in MMG MPF for all loads indicate either the Onion Skin Scheme or Muscular
Wisdom best explain the motor unit activation strategy used to maintain force production
during fatiguing, bilateral, DCER leg extensions performed above and below the CL. In
the current study, there were increases in both EMG AMP and MMG AMP, consistent with
all 3 motor unit activation strategies. However, for MMG MPF, there was an initial increase
above baseline, followed by a decrease in MMG MPF until task failure, which is consistent
with either the Onion Skin Scheme or Muscular Wisdom. We previously hypothesized the
decrease in MMG MPF was a product of an increased reliance on higher threshold motor
units that have inherently lower firing rates than lower threshold motor units as the men

142

and the women demonstrated a different onset of fatigue-induced decreases in MMG MPF
that may be due to variance in fiber type distribution and utilization. This is consistent with
the Onion Skin Scheme that states decreases in MMG MPF are due to the recruitment of
higher threshold motor units with lower motor unit firing rates (24,27,28). However, the
Muscular Wisdom theory suggests decreases in MMG MPF may be due to increased
synchronization and relaxation time between muscle fibers (72). It is possible the decreases
observed in MMG MPF after the initial increase above baseline may have been due to
increased motor unit synchronization and relaxation time (72). Therefore, either the Onion
Skin Scheme or Muscular Wisdom best characterize the motor unit activation strategy used
throughout bilateral, DCER, leg extension exercise performed above and below the CL. It
is a limitation of this study that we were not able to measure the inherent properties of the
recruited motor units to measure their firing rates and/or identify synchronization and
relaxation. Future studies should implement equipment that allows for the examination of
the motor unit firing rates, as well as motor unit synchronization during fatiguing, DCER
exercise.

4.1.10.2 Muscle Oxygen Saturation Responses
In the current study, we used a NIRS device to indirectly estimate blood flow to the
VL during repetitions performed to failure above and below the CL. The NIRS device
provides a measure of muscle oxygen saturation (%SmO2), which reflects the supply of
oxygen to the working muscle at the level of the capillary and the balance between oxygen
supply and oxygen consumption (26,40). Previously, authors have reported decreases in
%SmO2 during incremental cycling (26), unilateral, sustained isometric and unilateral,
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intermittent isometric muscle actions of the leg extensors (11,75), and repetitions of the
back squat (41). We hypothesized there would be greater muscle oxygen saturation below
the CL compared to above the CL. Our results support this hypothesis as %SmO2 decreased
to a lesser extent when performed at CL-10% and CL-20% compared to the performance of
repetitions to failure at 50%, 60%, and 70% 1RM (Figure 2). This is consistent with
previous reports of the %SmO2 response during exhaustive exercise (11) and during
exercise of increasing load and effort level (41,75). Specifically, Azuma et al. (11) reported
decreases in %SmO2 measured from the VL during the performance of unilateral,
intermittent isometric muscle actions performed to failure at 20%, 30%, and 40% MVC. In
addition, authors reported there was a greater decline in %SmO2 during the leg extension
exercise performed at 30% and 40% MVC compared to 20% MVC (11), suggesting
increased muscle oxygen saturation and, potentially, improved supply of oxygen to the
working muscle during lower load fatiguing exercise compared to higher load fatiguing
exercise. Further, Gómez-Carmona et al. (41) reported greater decreases in %SmO2 after
the performance of back squat repetitions that were performed at a higher effort level (i.e.,
ratio of the number of repetitions performed to the maximum number of repetitions that
could be performed at the desired load) compared to a lower effort level at the same relative
intensity. In addition, during a 30 second unilateral, sustained isometric muscle action of
the leg extensors, larger decreases in %SmO2 were demonstrated during the trial performed
at 50% MVC compared to the same muscle action performed at 30% MVC (75).
Therefore, the results of the present study agree with previous reports (11,41,75) and
indicated higher %SmO2 throughout the fatiguing task during DCER leg extension exercise
performed to failure at lower loads (CL-10% and CL-20%) compared to higher loads (50%,
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60%, and 70% 1RM), and may suggest an improved balance between oxygen supply and
consumption at the muscle level when DCER exercise is performed below the CL.

During exhaustive exercise, the supply of oxygenated blood to the working muscle
is essential for aerobic ATP production (68). Previously, Poole et al. (93) reported 2 distinct
phases in capillary blood flow kinetics: first, there is a rapid increase in deoxygenated
hemoglobin that occurs within the first 10 to 15 sec to supply the muscle with oxygen. This
is followed by a plateau in deoxygenated hemoglobin (93). In the current study, there were
quadratic (60% 1RM and 70% 1RM) and cubic (50% 1RM, CL-10%, and CL-20%) decreases
from baseline in %SmO2 that followed a general trend of a decrease in %SmO2 during the
first 30-40% of total repetitions completed, followed by a plateau in %SmO2 until 60-80%
of total repetitions completed, and ended with a slight increase until task failure (Figure 2).
This trend is consistent with the biphasic nature of capillary blood flow kinetics proposed
by Poole et al. (93), as well as the response observed during unilateral, sustained isometric
muscle actions of the leg extensors performed for 30 sec at 30% MVC and 50% MVC (75)
and during intermittent isometric muscle actions of the leg extensors performed at 20%,
30%, and 40% MVC until task failure (11). Thus, regardless of load and mode of exercise,
%SmO2 appears to follow a general trend of a rapid decrease in muscle oxygen saturation
to match oxygen supply with muscle oxygen demand, followed by a plateau that may
indicate a steady state between oxygen supply and muscle oxygen demand. It is important
to note the NIRS device used in the current study does not measure blood flow. In addition,
Poole et al. (93) noted conduit artery blood flow originating above the active muscle mass
does not follow similar kinetics as capillary blood flow but is instead slightly faster than
the blood flow dynamics occurring at the capillary level. Thus, future studies should
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measure both muscle oxygen saturation with a NIRS device, as well as blood flow with
Doppler ultrasound to determine both muscle oxygen saturation and active hyperemia
during and after, respectively, the DCER leg extension repetitions performed to failure
above and the below the CL to gain further insight on the metabolic demands of the
working muscle.

4.1.11 The Critical Load as a Demarcation to Examine Mechanisms of Fatigue
The critical threshold (CT) is a fatigue threshold that is derived from the
mathematical modeling of human performance (e.g., total work vs. time to exhaustion
relationship) and is defined as the threshold of human movement capacities for power or
force over time (77,78). The CT modeling has been applied to the resistance exercises the
bench press (79), deadlift (31,32), and leg extension (30,33), and has been termed critical
load (CL). More recently, the CL has been suggested to reflect an intensity that demarcates
sustainable from unsustainable resistance exercise, where the total number of repetitions
performed above the CL is finite and predictable and below can be completed for an
extended number of repetitions without fatigue (10,31) and may reflect a demarcation of
physiological responses during repetitions performed to failure above vs. below the CL
(30). Previously, based on neuromuscular and peripheral responses demonstrated during
sustained isometric and intermittent isometric muscle actions, authors have hypothesized
peripheral factors such as blood flow and subsequent metabolite accumulation contribute
to task failure during localized muscle actions performed above the CT, while mechanisms
of central fatigue (e.g., reduced motor drive) predominantly contribute to task failure when
localized muscle actions are performed below the CT (20,77,115). Based on these
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propositions, we hypothesized lower levels of performance fatigability (% change from
pre- to post-exercise MVC force) would be observed when repetitions of the bilateral leg
extension were performed to failure below the CL compared to above the CL. The results
of this study did not support this hypothesis and, instead, indicated performance fatigability
after repetitions completed to failure below the CL was greater (44.7% to 69.4%) than after
repetitions completed to failure above the CL (6.6% to 21.5%) for both the men and the
women (Table 5). In addition, the absolute post-exercise MVC force was greater for
repetitions completed to failure above the CL compared to the absolute post-exercise MVC
force for repetitions completed to failure below the CL (Table 5), indicating a greater
reduction in the ability to generate maximal force after fatiguing exercise performed below
the CL. This is inconsistent with previous literature that has stated performance fatigability
is either unvarying (61) or greater (9,20) after performing fatiguing exercise above the
critical force compared to below the critical force for sustained isometric and intermittent
isometric muscle actions. However, unlike previous studies, the current study utilized
DCER leg extension exercise that included reciprocal concentric and eccentric muscle
actions, compared to bilateral sustained isometric (61) or unilateral, intermittent isometric
muscle actions of the leg extensors (9,20). Thus, there may be mode-specific responses in
performance fatigability from fatiguing exercise that are related to the type of muscle
action, amount of activated muscle mass, and total time under tension.

In the current study, bilateral leg extension repetitions were anchored to a set load
based on percentages of an established 1RM (i.e., 50%, 60%, 70%, and 80% 1RM). In
contrast, Keller et al. (61) anchored bilateral, sustained isometric muscle actions of the leg
extensors to the force during the initial 5% of time to exhaustion corresponding to an RPE
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= 1 (below the critical force), RPE = 5 (above the critical force), and RPE = 8 (above the
critical force). For an RPE = 1, individuals maintained a force value equivalent to 4.8% to
15.2% of their MVC and at RPE = 5 and RPE = 8, the force was maintained at 25.1% to
60.6% MVC and 44.7% to 89.6% MVC, respectively (61). After performing the task to
failure, Keller et al. (61) demonstrated no difference in pre- to post-exercise MVC force
(percent change) between the RPE associated with force above and below the critical force.
Interestingly, the mean decline (collapsed across RPE) in MVC force was 10.1 ± 7.6%,
consistent with the decline in performance fatigability observed above the CL in the present
study (6.6% to 21.5%). While the previous study (61) and the current study both utilized
bilateral leg extension muscle actions to examine fatigue above and below the CT, Keller
et al. (61) anchored force based on specific RPE values, while the current study was
anchored to set percentages above (50%, 60%, 70%, and 80% 1RM) and below (10% and
20% below) the CL. For forces anchored to an RPE, the subject-dependent force anchoring
resulted in a wide range of loads corresponding to the %MVC (61), which likely led to
greater variability in the performance fatigability measure. In addition, in a similar study
where bilateral, sustained isometric muscle actions were performed to failure at an RPE =
1, RPE = 5, or RPE = 8, as well as the force corresponding to the first 5% of time to
exhaustion for each RPE, the authors (62) reported unvarying responses in performance
fatigability between the two different anchoring schemes. When muscle actions were
anchored to the set RPE, the subjects were free to vary the force to maintain the desired
RPE and failure was defined as the inability to continue the muscle action at the desired
RPE (i.e., RPE would increase) or the force output reached zero (62). Thus, force likely
decreased throughout the fatiguing tasks to allow for the maintenance of an RPE = 1, 5, or
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8. Decreases in force up to 30.9% and 34.7% have been demonstrated during fatiguing
muscle actions anchored to an RPE = 2 or RPE = 5, respectively (61,63). In addition, the
decreases in force throughout the fatiguing muscle actions anchored to RPE = 2 tracked
decreases in EMG AMP, indicating decreases in muscle activation throughout the task
(63). This likely resulted in decreased metabolic cost throughout the fatiguing task due to
decreases in muscle activation and, potentially, engaged muscle mass. Thus, the subjects
in the study that performed muscle actions at a set RPE may have had a greater ability to
maximally activate the previously de-recruited muscle mass during the post-exercise MVC
which produced similar levels of performance fatigability at lower and higher loads
associated with forces below and above the critical force, respectively. In the current study,
the nature of the DCER movement required individuals to increase muscle activation to
maintain force production for the constant load exercise performed above and below the
CL (Figures 2 and 3; Tables 6-9). For the loads completed to failure below the CL, muscle
activation was lower during the initial 10% of repetitions completed (25.6% to 56.8%)
compared to above the CL (55.2% to 113.8%). In addition, regardless of the load lifted,
individuals reached maximal levels of muscle activation for the VL for loads above the
CL, and in the VM and RF for loads above and below the CL (Tables 6-9). This indicated
that at muscle failure in the current task, individuals had recruited nearly all muscle fibers
to continue completing repetitions through the full range of motion at loads above and
below the CL. This also indicated a muscle-specific response in the superficial quadriceps
muscles during fatiguing bilateral, leg extension exercise such that the VM and RF were
more heavily relied on during the final 10% of total repetitions completed to failure. In
addition, the lower levels of muscle activation during the initial 10% of repetitions
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completed for loads below the CL indicated greater motor unit activation reserve during
the repetitions performed and thus longer time to task failure to reach maximal levels of
activation. Maximal levels of muscle activation at the end of the task below the CL, as well
as greater time under tension and subsequent metabolite accumulation and energy substrate
depletion, may have limited the ability to generate maximal force during the post-exercise
MVC to a greater degree than after repetitions performed to failure above the CL.
Therefore, it appears the mode of exercise, the scheme used (i.e., constant force vs. constant
RPE) to anchor intensity, as well as the relative load for DCER exercise may affect the
performance fatigability responses, even when muscle actions are performed to failure.

Anchoring resistance exercises to RPE is becoming more prevalent in the literature
and training programs, however, exercise is still more commonly prescribed as a set load
or percent of maximum ability (i.e., 1RM or MVC). Like the current study, a study
conducted by Burnley and colleagues (20) examined fatiguing muscle actions anchored to
a constant force performed at 5 intensities above the critical force and 2 intensities 10%
and 20% below the critical force. Unlike the current study, however, Burnley et al. (20)
utilized unilateral, intermittent isometric muscle actions of the leg extensors with a 60%
duty cycle (3 sec on, 2 sec off). Similar to other investigators (61), Burnley et al. (20)
reported decreases in MVC force when unilateral, intermittent isometric muscle actions of
the leg extensors were performed to failure above the critical force such that the final force
produced was equal to the target force of the task. In contrast, when performed below the
critical force, the final force produced was greater than the target force, indicating a
“reserve” in force production below compared to above the critical force, and thus less
performance fatigability after a fatiguing task performed below the critical force (20).
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Further, individuals who performed muscle actions to failure 10% and 20% below the
critical force were stopped when they reached a defined task time of 60 minutes, while
muscle failure (i.e., the inability to complete the leg extension through the full range of
motion) was required for exercise termination in the current study. Thus, it is possible
muscle actions were terminated prior to maximal muscle activation and muscle failure
during unilateral, intermittent isometric muscle actions of the leg extensors performed
below the critical force. To this point, at task termination, muscle activation during
fatiguing exercise performed 20% and 10% below the critical force reached submaximal
values at task failure (46 ± 5% and 54 ± 6%, respectively) compared to muscle activation
above the critical force (76% to 96%) (20). As previously stated, individuals in the current
study reached maximal levels of muscle activation after performing repetitions to failure
both above and below the CL (Tables 6-9). In addition, unique to DCER exercise used in
the present study is the reciprocal concentric and eccentric muscle actions which do not
allow for rest and hyperemia between repetitions. During the intermittent isometric muscle
actions, however, the subjects received 2 sec rest between muscle actions, allowing for
some restoration of blood flow to the working muscle. Thus, the greater performance
fatigability below compared to above the CL in the current study may be due to the
modality of exercise which does not allow rest and hyperemia between repetitions, as well
as maximal muscle activation at exercise termination.

4.1.11.1 Peripheral and Central Mechanisms of Fatigue
Authors have previously attributed differences in muscle fatigue responses below
versus above the critical force to both peripheral (occurring distal to the neuromuscular
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junction) and central (occurring proximal to the neuromuscular junction) mechanisms.
Specifically,

Vanhatalo

et

al.

(115)

demonstrated

similar

concentrations

of

phosphocreatine (PCr) and inorganic phosphate, as well as pH values at the end of
intermittent isometric single-limb leg extensions between constant force values performed
to failure above the critical force. The authors suggested exercise cessation during fatiguing
tasks performed above the critical force may have been due to accumulation of metabolic
byproducts and declines in energy substrates that reached very low levels (115). In the
current study, there was a similar time course in the fatigue-induced decreases in EMG
MPF for all loads above and below the CL (Figures 4 & 5). The EMG MPF is a measure
of motor unit action potential conduction velocity (14,16), and decreases in EMG MPF
occur, in part, in response to decreases in membrane excitability from an increase in
metabolic byproduct accumulation (i.e., hydrogen ions, inorganic phosphate, ammonia,
and potassium ions) (38). Thus, it is likely that metabolite accumulation occurred
throughout the fatiguing task for all loads above and below the CL and therefore may not
fully explain the observed differences in performance fatigability above and below the CL
in the present study. Conversely, the demonstration of greater performance fatigability
below the CL compared to above the CL may originate from additional central
mechanisms, such as nociceptor feedback, firing of group III and group IV afferents, and
reduced motor drive (4,112). In the present study, although there was no difference in the
RPE after performing repetitions to failure above (9.5 to 9.8 on a 10-point scale) and below
the CL (9.8 for both loads below), individuals commented on the sustained “burning
sensation” during the repetitions performed below the CL but did not experience the same
sensation when repetitions were performed to failure above the CL (except for 50% 1RM).
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Recently, Enoka and Duchateau (37) indicated pain as a variable affecting perceived
fatigability, which authors defined as “…sensations that regulate the integrity of the
performer based on the maintenance of homeostasis and the psychological state of the
individual” (p. 13). Thus, nociceptor feedback from the perceived pain may have played a
greater role during repetitions performed to failure below the CL compared to above the
CL. In addition, activation of group III and group IV afferents occurs due to increases in
mechanical and chemical (i.e., hydrogen ions, ammonia, inorganic phosphate) stimuli
(112). To this point, authors have indicated maintenance of group III and group IV afferent
activation after fatiguing single-limb leg extensions led to decreases greater than 45% in
both voluntary activation and maximal voluntary force of the quadriceps muscles (64).
Authors have hypothesized group III and group IV afferents may influence central fatigue
by modulating descending voluntary motor drive and thus cause subsequent decreases in
maximal voluntary activation (4,112). Further, authors have hypothesized group III and
group IV afferents may influence peripheral fatigue by modulating oxygen delivery
(3,4,18). Previously, Amman et al. (3) demonstrated decreases in femoral artery blood flow
and oxygen delivery to the quadriceps muscles during constant load single-limb leg
extension exercise performed at 15 W, 30 W, and 45 W (3 min each, 60 rpm) when afferent
feedback was blocked by fentanyl injection. Specifically, femoral artery blood flow and
oxygen delivery was lower during exercise performed with fentanyl injection compared to
exercise performed under normal conditions with no fentanyl (3), indicating group III and
group IV afferents may positively modulate oxygen delivery during dynamic muscle
actions of the leg extensors. More recently, during intermittent isometric single-limb
muscle actions of the leg extensors performed with a 60% duty cycle (3 sec on, 2 sec off),
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authors reported greater perturbations in the levels and rates of inorganic phosphate,
diprotonated phosphate, and ATP when afferent feedback was blocked by fentanyl
injection compared to the same muscle actions performed under normal conditions with no
fentanyl (18). In addition, the fentanyl block demonstrated greater creatine kinase reactions
and anaerobic glycolysis compared to normal conditions with no fentanyl, but no difference
in oxidative phosphorylation was demonstrated between groups (18). Further, there was no
difference in force production throughout the exercise task between the two conditions, but
there was a greater rate of ATPase activity and ATP cost per contraction, indicating
decreased muscular contraction efficiency when performed under the fentanyl block
compared to normal condition with no fentanyl (18). Therefore, unlike the hypothesis by
Amann et al. (3), Broxterman et al. (18) demonstrated group III and group IV afferent
feedback does not modulate oxygen delivery, but instead may be critical for the efficiency
of force production. In the current study, %SmO2 was higher during repetitions performed
to failure below the CL compared to above the CL (Table 10) from 40-100% of total
repetitions completed. In addition, performance fatigability decreased to a greater degree
after performing repetitions to failure below the CL (44.7% to 69.4%) compared to above
the CL (6.6% to 21.5%) (Table 5). Thus, the greater %SmO2 and declines in maximal
force production demonstrated in the current study may be due to the modulating effects
of group III and group IV afferents on circulatory and metabolic conditions of the working
muscle. In turn, the greater performance fatigability observed below the CL compared to
above the CL in the current study may have been due to a greater degree of central
mechanisms of fatigue such as nociceptor feedback, firing of group III and group IV
afferents, and decreased motor drive that may have altered muscle contraction efficiency
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below the CL. To note, Amann et al. (3) and Broxterman et al. (18) used different modes
and intensities of exercise to examine the effects of afferent feedback on circulatory and
metabolic responses. In addition, the current study utilized a DCER exercise anchored to
percentages of a 1RM to examine the fatigue responses below and above the CL. Therefore,
the role of group III and group IV afferents on peripheral and central fatigue may be
dependent on the mode and intensity of exercise performed. Future studies should include
a pain scale analysis after the completion of repetitions to failure below and above the CL
to further investigate the pain response around the CL, as well as perform DCER exercises
with and without fentanyl injection to examine the effects of afferent feedback on
peripheral and central mechanisms of fatigue.

In addition to metabolite accumulation, nociceptor feedback, and group III and
group IV afferents modulating peripheral and central mechanisms of fatigue, authors
(85,86,94) have hypothesized contributions of peripheral fatigue during exhaustive
exercise performed below the CT may be due to glycogen depletion that impairs
sarcoplasmic reticulum functioning and excitation-contraction coupling. To this point, in
the present study, there were greater reductions in performance fatigability when leg
extension repetitions were performed to failure below compared to above the CL. In
addition, muscle activation in the VL, which is commonly examined when observing
fatigue responses during muscle actions of the leg extensors, reached submaximal levels
(63.5% to 78.6% for CL-10% and CL-20% trials) during the final 10% of repetitions
completed at loads below the CL (Table 6). This suggested inhibition of the VL motor unit
pool to maximally activate and contribute to force production. The inability to demonstrate
maximal force production has been attributed to substantial decreases in muscle glycogen
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after exhaustive exercise (67,69,81). Specifically, Koopman et al. (69) demonstrated 23%
to 44% decreases in muscle glycogen content after a single session of 8 sets of 10
repetitions of leg press and leg extension exercises performed at 75% 1RM in untrained
men. In addition, Morton et al. (81) reported declines in muscle glycogen content after
performing repetitions to failure at 80% 1RM and 30% 1RM at “traditional” and “slow”
cadences. However, there were no differences in the percent decline in muscle glycogen
content between the 80% and 30% 1RM resistance exercise sessions (81). Similar to the
current study, however, Morton et al. (81) reported submaximal levels of muscle activation
in the VL during the final repetitions of lower load resistance exercise compared to near
maximal levels of muscle activation in the VL during the final repetitions of higher load
resistance exercise. This may indicate muscle glycogen depletion affects muscle activation
differently when performing resistance exercise above versus below the CL. Specifically,
the depletion of PCr and muscle glycogen content when repetitions are performed to failure
above the CL may impair the rate of ATP resynthesis required to maintain muscular
contractions (21,42,67). Conversely, during repetitions completed to failure below the CL,
excitation-contraction coupling may be affected by depletion of muscle glycogen content
such that the rate of calcium release from the sarcoplasmic reticulum decreases and impairs
muscle contraction (85,86). Thus, the reduced availability of muscle glycogen both above
and below the CL may have contributed to the appearance of peripheral fatigue that arose
from different mechanisms.
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4.1.11.2 Substrate Metabolism
Traditional resistance training (RT) exercises are termed dynamic constant external
resistance (DCER) and employ both concentric (muscle shortening) and eccentric (muscle
lengthening) portions of the exercise. In previous studies examining fatigue responses to
exercise performed above or below the critical force, subjects performed either sustained
isometric or intermittent isometric muscle actions, which do not involve muscle shortening
or lengthening. In addition, when inferences are made regarding contributions of central
versus peripheral fatigue mechanisms, studies mostly develop theories from sustained
isometric or intermittent isometric muscle actions. Thus, the nature of the modality used in
the current study may explain the variability from previously reported responses and
fatigue mechanisms. Specifically, it has been noted that both concentric and eccentric
muscle actions require more metabolic strain than isometric muscle actions of the
dorsiflexors (98). In addition, the rate of ATP synthesis for concentric muscle actions was
2x that for isometric muscle actions (98), corroborating the greater metabolic strain of
concentric muscle actions. This was confirmed during 3-min (2 sec on, 2 sec off) of
concentric or isometric muscle actions of the leg extensors generated by electrical
stimulation (36). The authors demonstrated a greater oxygen demand of recruited muscle
relative to initial torque production for concentric muscle actions of the leg extensors, as
well as greater whole-body oxygen cost for concentric muscle actions compared to
isometric muscle actions of the leg extensors (36). Whole-body oxygen cost encompasses
the active muscle mass, the heart and respiratory musculature, as well as muscle mass not
directly involved in the task (36,114). Interestingly, the heart rate response during
concentric and isometric muscle actions of the leg extensors performed for 3-min was not
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different between concentric and isometric muscle actions (36), indicating increased
oxygen consumption from muscle mass not directly involved in the fatiguing task
contributed to the greater oxygen cost for concentric muscle actions. Further, Elder et al.
(36) reported greater recruitment in muscle mass during concentric muscle actions
compared to isometric muscle actions. While previous studies have utilized sustained
isometric or intermittent isometric muscle actions to examine reductions in performance
fatigability after completing exercise to failure above and below the critical force (20,61),
authors have identified differences in the metabolic cost (36,98) and the muscle mass
recruited (36) between concentric and isometric muscle actions. Thus, the results of the
present study, which indicated greater performance fatigability when bilateral, DCER, leg
extensions were completed to failure below the CL, may be due to the increased metabolic
cost during concentric muscle actions, the inability for ATP production to meet ATP
demand, as well as the inclusion of the eccentric phase of the muscle action.

There are distinct neuromuscular responses above and below the CT that may affect
performance fatigability (20,30). Thomas et al. (114) hypothesized performance
fatigability between exercise intensities performed above the CT would be unvarying. This
is consistent with previous findings (20,61), as well as the current study as there was little
difference in the degree of performance fatigability after completing repetitions to failure
at 50%, 60%, 70%, and 80% 1RM (Table 5). As with any exercise, the ability to continue
repeated muscle actions is dependent on the resynthesis of ATP through either anaerobic
or aerobic metabolism (68). During high-intensity activities, there is a greater reliance on
the ATP-PCr system and anaerobic glycolysis for energy production and resynthesis, while
lower-intensity activities rely more heavily on aerobic metabolism (68). In the present
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study, repetitions completed to failure above the CL (50%, 60%, 70%, and 80% 1RM)
lasted 20.9 sec to 56.1 sec while repetitions completed below the CL (CL-10% and CL-20%)
lasted 138.1 sec (~2.3 min) to 242.5 sec (~4.0 min). For high-intensity exercise lasting
between 10-60 sec, energy for muscle actions primarily comes from stored muscle
glycogen and anaerobic glycolysis (68). Thus, similar peripheral fatigue mechanisms, such
as metabolic byproduct accumulation and the inability to resynthesize ATP at the rate
required for repeated muscle actions, may have contributed to performance fatigability and
the similar degree in MVC force loss across loads above the CL. Further, for repetitions
performed to failure at loads below the CL (CL-10% and CL-20%) that lasted anywhere for 24 min, the subjects likely relied on some aerobic metabolism after ATP production through
PCr and anaerobic glycolysis were unable to meet ATP demand (68). To support this, Suga
et al. (111) demonstrated greater decreases in PCr and intramuscular pH during 2 min (30
repetitions per minute) of muscle actions of the plantar flexors when performed at a higher
load (65% 1RM) compared to a lower load (20% 1RM). Further, in the current study,
muscle oxygen saturation (%SmO2) was greater during repetitions performed at loads
below the CL (CL-10% and CL-20%) compared to loads above the CL (50%, 60%, and 70%
1RM) from 40-100% of total repetitions completed (Table 10). This indicated there was
little aerobic ATP restoration above the CL as %SmO2 declined and remained lower than
the longer duration fatiguing trials below the CL (CL-10% and CL-20%). Interestingly,
%SmO2 was higher during repetitions performed to failure at 70% 1RM than the lower
loads (50% and 60% 1RM; CL-10% and CL-20%) at 20% and 30% of total repetitions
completed, and greater than 50% and 60% 1RM at 40% of total repetitions completed
(Table 10). To this point, vasculature is preferentially dilated during muscle actions such
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that terminal vasculature is dilated initially and “ascends” to more proximal vasculature
dilation as motor unit recruitment increases (113). In the current study, motor unit
activation during the initial 10% of repetitions completed was generally greater at the start
of the task during the repetitions performed to failure at 70% 1RM to overcome the force
required to lift a higher load compared to those performed at 60% 1RM and lower (Tables
6-9), which may have led to greater vasculature dilation and thus %SmO2 at the start of
exercise. From 40-100% of total repetitions completed, however, the %SmO2 was higher
during repetitions completed to failure below the CL compared to the %SmO2 during
repetitions completed to failure above the CL (Table 10). Previously, authors have
identified 2 phases for oxygen extraction at the capillary level: Phase 1 where there is a
sharp increase in deoxygenated hemoglobin indicative of an imbalance between oxygen
extraction and requirements of the muscle and Phase 2 where a plateau in deoxygenated
hemoglobin occurs again, signaling a match between extraction and demand (93). This was
apparent in the responses for repetitions completed to failure at all loads in the current
study, as an immediate decrease in %SmO2 occurred, followed by a plateau at the end of
exercise (Figure 2). In addition, authors have suggested a difference in “metabolic
behavior” between fast-twitch and slow-twitch muscle fibers such that observations of
lower oxygen have been observed in capillaries supplying fast-twitch muscle fibers
compared to slow-twitch muscle fibers (93). During higher load resistance exercise, there
is more reliance on fast-twitch muscle fibers, while slow-twitch muscle fibers are
predominantly recruited during lower load resistance exercise (68). Therefore, the higher
%SmO2 observed during repetitions completed to failure at loads below the CL may be
related to different blood flow kinetics due to the reliance on slow-twitch muscle fibers for
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force production. Thus, the CL may demarcate a threshold to examine the peripheral,
central, and circulatory mechanisms of fatigue at lower versus higher resistance exercise
loads that vary depending on the type of muscle action performed, amount of muscle mass
engaged, type of muscle fiber recruited, and total time under tension.

4.1.11.3 Ecological Validity
Performance fatigability is used to examine the fatigue response across various
exercise intensities and modes. Thomas et al. (114) hypothesized performance fatigability
“…depends on the muscle mass engaged during the task, and the associated disruption to
homeostasis in multiple physiological systems” (p. 241). The current study supports this
hypothesis, as lower levels of muscle activation were observed during the initial 10% of
repetitions completed below the CL at CL-10% and CL-20% compared to above the CL at
50%, 60%, 70%, and 80% 1RM (Tables 6-9). Further, muscle activation for all loads
reached maximal levels (except for the VL) during the final 10% of repetitions completed
both below and above the CL. Therefore, when performing repetitions to failure below the
CL, the subjects began completing repetitions to failure with lesser muscle mass engaged,
were able to complete more repetitions to failure, and incur greater time under tension,
which likely led to greater disturbances to homeostasis over time and the greater
performance fatigability observed below compared to above the CL. While this in contrast
to Burnley et al. (20) who reported lower levels of performance fatigability below
compared to above the critical force, the subjects in the study performed by Burnley et al.
(20) maintained the intermittent isometric muscle actions performed below the critical
force for 60 min and exercise was terminated prior to task failure. Thus, the subjects did

161

not have the opportunity to reach true muscle failure and maximal levels of muscle
activation to examine the fatigue response below versus above the critical force. Thomas
et al. (114) also proposed performance fatigability was not constrained to a critical
threshold. While this hypothesis is consistent with studies examining performance
fatigability when anchored to perceptual responses (61), the current study does not support
this hypothesis as there were relatively unvarying levels of performance fatigability above
the CL and significantly greater levels of performance fatigability below the CL compared
to above the CL. Further, the hypotheses regarding performance fatigability were
formulated from studies examining peripheral and central fatigue using either sustained or
intermittent isometric muscle actions and potentiated twitch amplitude, muscle stimulation,
and voluntary activation to explain the fatigue response (20,61,112,114). However, RT
programs do not typically utilize those types of muscle actions, and instead rely
predominantly on DCER exercises that have reciprocal concentric and eccentric muscle
actions. As such, hypotheses generated from previous studies may not reflect motor control
strategies during DCER exercises. Therefore, new hypotheses and tests to examine fatigue
should be formulated to reflect the true fatigue response observed during DCER exercises
that are more commonly seen in traditional RT programs. This will help further our
knowledge of mechanisms underlying performance of resistance exercise at lower and
higher loads that is driven from exercises more practically observed in training.

4.1.12 Practical Applications
Typically, RT programs designed to improve muscular strength have prescribed
lifting loads corresponding to ≥60% 1RM (103). However, RT protocols that employ
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lifting lower loads (30-50% 1RM) to failure have induced increases in muscular strength
equivalent to (29,80) or inferior to (60,76,101) performing repetitions to failure at higher
loads (75-90% 1RM). Specifically, when untrained women completed a 9-week, full-body
RT program consisting of machine weights (leg extension, lat pull down, leg curl, and
seated military press), investigators reported similar increases in 1RM strength between
the lower load (30% 1RM) and higher load (80% 1RM) training groups (29). In addition,
Morton et al. (80) reported equivalent increases in 1RM strength for the inclined leg press,
leg extension, and shoulder press exercises, but inferior increases in the bench press, for
the lower load training group (30-50% 1RM) compared the higher load training group (7590% 1RM) in trained men. Conversely, during training protocols lasting 6 to 10 weeks,
authors reported greater strength and neural adaptations after completing repetitions to
failure at higher loads (70-80% 1RM) compared to lower loads (30-50% 1RM) in both
trained and untrained men that employed either isolated muscle actions (60,76) or multijoint exercises (101). Thus, there appear to be discrepancies in muscular strength and neural
adaptations that may be dependent on the load the RT exercise is executed at, as well as
the exercise performed and the training status of the individual.

Previously, investigators have speculated time under tension (29,73) may drive
increases in muscular strength. Increased time under tension may lead to increases in
metabolite accumulation and subsequent fatigue in previously recruited motor units,
therefore requiring the activation of more motor units to maintain force production (73).
For example, during bilateral, DCER, forearm flexion exercise, performing repetitions to
failure at 80% 1RM resulted in similar levels of muscle activation as performing repetitions
to failure at 30% 1RM (59). Specifically, during repetitions performed to failure at 80%
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1RM, investigators reported no change in muscle activation across repetitions, indicating
muscle activation started high and remained at a constant level for the entirety of the
performance. During the repetitions performed to failure at 30% 1RM, however, there were
significant increases in muscle activation across repetitions that reached similar levels as
80% 1RM at task failure (59). When larger muscle mass is utilized, lower loads may not
require the recruitment of muscle fibers to the same extent as when using higher loads,
even when the exercise is performed to failure. To this point, during the unilateral, DCER,
leg extension exercise, investigators reported greater muscle activation in the VL, VM, and
RF when repetitions were performed to failure at 80% 1RM compared to 30% 1RM (58).
In the current study, we reported submaximal muscle activation at task failure in the VL
for the women after performing repetitions to failure below the CL (CL-10% and CL-20%)
that was lower than the muscle activation demonstrated at task failure during repetitions
performed to failure above the CL (50%, 60%, 70%, and 80% 1RM) (Table 6). However,
the women demonstrated maximal levels of muscle activation in the VM and RF at task
failure for all loads above and below the CL (Tables 7 & 8). For the men, muscle activation
(collapsed across muscle) was lower and reached submaximal levels at task failure when
performed below the CL compared to above the CL (Table 9). To note, the men and the
women completed repetitions to failure at CL-10% and CL-20% at loads corresponding to
22.4% 1RM and 19.8% 1RM, respectively, and ranged from 11% to 33% 1RM (Table 3).
Thus, in the current study, the loads lifted below the CL may have been too low to elicit
maximal muscle activation for all 3 superficial quadriceps muscles. Further, the CL has
been reported to range between 26% to 50% 1RM, depending on the muscle action
(10,30,31,32). To this point, when performed to failure at an arbitrary relative load of 30%
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1RM, the load may be below the CL for some individuals and therefore not allow for
maximal muscle activation (17). This could explain some of the variability present in the
current literature regarding strength adaptations after lower load RT to failure
interventions. Thus, the CL estimate may provide a training load that is the “lowest” load
necessary for achieving maximal muscle activation and subsequent increases in muscular
strength, if repetitions are taken to failure. Currently, however, no studies have examined
the effects of a RT to failure protocol performed at or below the CL on muscular strength
and neuromuscular adaptations. Therefore, future studies should complete an intervention
trial to determine if the CL is representative of the lowest load that can be used for
improvements in strength to occur. In addition, the CL estimate is mode-dependent
(10,30,31,32); thus, care should be taken to investigate a wide array of DCER exercises to
gain insight on the lowest load required for muscular adaptations for upper-, lower-, and
whole-body exercises.

4.1.13 Limitations and Future Directions
This study was the first to examine the muscular performance, performance
fatigability, neuromuscular, and muscle oxygen saturation responses around the CL during
a DCER exercise in men and women. However, there were still limitations to this study.
For example, the plate-loaded leg extension machine used in this study did not allow for
movement of the seat or back rest to be put in a position that was biomechanically favorable
for all the subjects. For this reason, some of the subjects may have been at a disadvantage
for their heights and may not have had an optimal set-up for completing the leg extension
repetitions. In addition, one of the primary purposes of this study was to examine the time
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course of changes in the neuromuscular and muscle oxygen saturation responses during
repetitions performed to failure below (CL-10% and CL-20%) and above (50%, 60%, 70%,
and 80% 1RM) the CL. However, to examine the time course, a total of 11 data points was
required (initial repetition, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%
of total repetitions completed). Thus, the subjects needed to complete a minimum of 11
repetitions at 80% 1RM to examine the time course responses. Unfortunately, 6 of the 21
subjects were unable to complete 11 repetitions at 80% 1RM. Therefore, we were unable
to explore the time course of neuromuscular and muscle oxygen saturation responses when
repetitions were performed to failure at 80% 1RM. To avoid this, future studies may wish
to choose 75% 1RM as the highest load for repetitions to be completed to allow for the
subjects to complete 11 repetitions. Alternatively, future investigators may choose to
explore the time course of changes using increments of 20 or 25% of total repetitions.
However, this would limit the sensitivity to distinguish more closely where changes may
have occurred. Further, while we were able to explore muscle mass as measured by DXA
and muscle oxygen saturation as an indirect indicator of blood flow with the Moxy device,
we did not have the equipment required to measure cross-sectional area of the muscles used
during the leg extension exercise or blood flow to examine active hyperemia after
performing repetitions to failure above and below the CL. More precise measurements of
muscle cross-sectional area and blood flow will provide insight on the mechanisms that
lead to task failure, as well as performance fatigability and muscle performance responses
in men and women. Thus, future studies should use Doppler ultrasound to examine these
variables more precisely.
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CHAPTER 5. SUMMARY
The results of the present study indicated the women were more fatigue-resistant
than the men at loads both above and below the CL as the women completed more
repetitions to failure and accumulated greater time under tension than the men, while
generating similar levels of performance fatigability. In addition, the women demonstrated
lesser decreases in %SmO2 during repetitions performed to failure at all loads than the men,
potentially indicating improved blood flow and oxidative capacity for the women
compared to the men. To this point, the onsets of fatigue-induced changes in EMG AMP,
EMG MPF, MMG AMP, and MMG MPF responses between the men and the women may
be due to greater MFLM in the men and the subsequently lower %SmO2 compared to the
women, which may have led to increased intramuscular pressure, decreased blood flow,
and increased metabolite accumulation that influenced the neuromuscular signals
differently in the men and the women. This may have contributed to variability in substrate
metabolism, metabolite accumulation, and blood flow kinetics, which may have influenced
the number of repetitions that the subjects in the current study were able to perform to
failure. Therefore, while there were no sex-specific responses in performance fatigability
around the CL, there were sex-specific responses in the number of repetitions completed
at all loads that suggested the women were more fatigue-resistant at loads above and below
the CL compared to the men.

While the CL was not sensitive to detect sex-specific responses in performance
fatigability in the current study, this study did indicate that the CL may reflect a threshold
that can be used to examine peripheral, central, and circulatory mechanisms of fatigue at

167

higher and lower loads. Specifically, performance fatigability was greater after repetitions
performed to failure below the CL at CL-10% and CL-20% (44.7% to 69.4%) compared to
above the CL at 50%, 60%, 70%, and 80% 1RM (6.6% to 21.5%). In addition, during the
initial 10% of repetitions completed, muscle activation was lower at loads below the CL
compared to above the CL, but reached maximal levels of muscle activation during the
final 10% of repetitions completed for all loads (except for the VL in the women),
indicating a greater “reserve” in motor unit recruitment when repetitions were performed
to failure below the CL. Based on these responses, we hypothesized both peripheral and
central mechanisms of fatigue, such as metabolite accumulation, nociceptor feedback,
group III and group IV afferent feedback, reduced motor drive, and decreased muscle
glycogen, contributed to task failure below the CL, while peripheral mechanisms of fatigue,
such as metabolite accumulation and decreased muscle glycogen, primarily contributed to
task failure above the CL. Specifically, since the subjects performed repetitions to failure
below the CL with lesser muscle mass engaged (i.e., lower muscle activation), they were
able to complete more repetitions and generate more time under tension which likely led
to greater disturbances in homeostasis over time and the greater performance fatigability
observed below compared to above the CL. Conversely, above the CL, the subjects likely
had large decreases in muscle glycogen content that impaired the ability to resynthesize
ATP at the required rate for continued force production. These findings allude to variability
in the mechanisms that cause fatigue at lower versus higher loads. Thus, the CL may be a
tool to investigate the “lowest” load that is required for adaptations in muscular strength
and neuromuscular adaptations to occur.
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APPENDICES
APPENDIX 1. 95% Confidence Intervals for Anthropometric and Body Composition
Measures
95% confidence intervals for the men and the women (age, height, and weight) and body
composition (percent [%] body fat, fat mass, mineral free lean mass [MFLM], thigh MFLM
of the dominant limb, Quadriceps MFLM of the dominant limb).
Women
Men
Age (years)
20.7 – 23.5
21.2 – 26.4
Height (cm)
164.3 – 171.3
177.0 – 182.8
Body Mass (kg)
64.9 – 71.9
74.5 – 89.1
% Body Fat
24.7 – 30.9
12.2 – 20.2
Fat Mass (kg)
15.6 – 21.6
74.5 – 89.1
Total Body MFLM (kg)
44.6 – 48.4
59.8 – 70.0
Thigh MFLM (kg)
4.9 – 5.6
6.3 – 7.5
Quadriceps MFLM (kg)
1.9 – 2.3
2.6 – 3.1
See Table 1 for individual and composite mean (SD) values.
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APPENDIX 2. 95% Confidence Intervals for Muscular Performance Measures
95% confidence intervals for the men and the women load (kg) lifted, relative (%1RM) load
corresponding to critical load (CL), 10% below CL (CL-10%), and 20% below CL (CL-20%),
and repetitions completed at each load.
Women
Men
Repetitions
Repetitions
Load (kg)
%1RM
Load (kg)
%1RM
Completed
Completed
1RM
55.2 – 65.4
71.8 – 94.2
80%
44.0 – 52.2
11 – 15
57.6 – 75.4
9 – 11
70%
38.5 – 45.9
14 – 18
50.2 – 65.8
13 – 15
60%
33.1 – 39.3
19 – 24
43.1 – 56.5
15 – 19
50%
27.8 – 32.8
25 – 29
36.0 – 47.0
20 – 25
CL
11.6 – 17.4 20.3 – 28.7
16.0 – 26.0 20.7 – 30.1
CL-10% 10.8 – 16.0 18.3 – 25.7
67 – 107
14.3 – 23.3 18.6 – 27.2
47 – 81
CL-20% 9.6 – 13.8
16.0 – 22.6
89 – 143
12.7 – 21.1 16.6 – 24.2
59 – 106
1RM = one-repetition maximum.
See Table 3 and Table 4 for individual and composite mean (SD) values.
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APPENDIX 3. 95% Confidence Intervals for Total Volume and Time Under Tension
95% confidence intervals for total volume accumulation and time under tension (collapsed
across sex) for each load.
Total Volume (kg)
Time Under Tension (sec)
80% 1RM
569.0 – 674.8
21.0 – 25.8
70% 1RM
675.0 – 774.2
28.1 – 33.7
60% 1RM
731.3 – 834.5
36.6 – 43.8
50% 1RM
782.0 – 899.6
46.8 – 56.0
CL-10%
919.6 – 1236.6
133.5 – 192.3
CL-20%
1067.7 – 1405.9
173.2 – 251.8
1RM = one-repetition maximum, CL-10% = 10% below critical load, CL-20% = 20% below
critical load, Total volume = kg load x reps.
See Table 4 for individual and composite mean (SD) values.
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APPENDIX 4. 95% Confidence Intervals for Performance Fatigability Measures
95% confidence intervals for the men and the women pre- and post-exercise absolute maximal voluntary
contraction (MVC) values and percent change from pre- to post-exercise for repetitions completed to failure at
80% 1RM, 70% 1RM, 60% 1RM, 50% 1RM, CL-10%, and CL-20%.
Women
Men
Pre
Post
%change
Pre
Post
%change
80%
292.0 – 371.0
268.9 – 338.5
-1.31 – 15.7
334.8 – 455.2
278.5 – 388.5
8.3 – 22.1
70%
284.1 – 355.5
266.6 – 325.2
-0.43 – 13.6
355.4 – 495.4
291.0 – 410.8
11.1 – 23.9
60%
285.1 – 336.7
235.7 – 297.3
4.7 – 22.9
354.8 – 493.2
295.2 – 407.2
10.4 – 22.6
50%
302.2 – 342.0
231.8 – 272.0
15.2 – 27.8
360.5 – 481.9
272.8 – 409.2
12.6 – 28.2
CL-10%
284.1 – 353.1
76.0 – 157.6
45.9 – 76.7
365.5 – 518.7
144.8 – 353.6
24.2 – 65.2
CL-20%
301.4 – 365.2
59.9 – 151.9
57.3 – 82.5
349.1 – 503.8
119.6 – 301.6
35.1 – 67.5
1RM = one-repetition maximum, CL-10% = 10% below critical load, CL-20% = 20% below critical load.
See Table 5 for individual and composite mean (SD) values.
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APPENDIX 5. 95% Confidence Intervals for Muscle Activation
95% confidence intervals for muscle activation (EMG AMP normalized to 1RM) for the vastus lateralis (VL), vastus medialis (VM), and rectus
femoris (RF) during the initial and final 10% of repetitions completed to failure at 80% 1RM, 70%1RM, 60% 1RM, 50% 1RM, CL -10%, and CL-20%
for the men and the women.
80% 1RM

70% 1RM

60% 1RM

50% 1RM

CL-10%

CL-20%

Initial 10%
Collapsed
across load)

Final 10%
(Collapsed
across load)

86.7 – 106.9

76.4 – 102.0

73.2 – 95.4

66.9 – 80.9

46.4 – 63.0

46.3 – 67.5

51.8 – 65.8

93.9 – 102.3

VM – initial 10%

69.2 – 99.0

70.2 – 86.8

56.9 – 75.5

43.6 – 75.0

23.6 – 45.2

29.1 46.1

-

-

VM – final 10%

100.6 – 153.2

92.3 – 130.1

93.2 – 130.2

83.3 – 125.3

76.9 – 126.1

86.9 – 116.5

-

-

RF – initial 10%

87.4 – 103.8

70.3 – 95.1

57.8 – 77.0

48.9 – 70.1

20.0 – 31.2

21.4 – 36.4

-

-

RF – final 10%

120.8 – 161.0

100.3 -151.5

94.5 -141.1

99.5 – 147.1

79.8 – 105.4

79.6 -122.8

-

-

Men

84.2 – 136.2

94.3 – 126.1

92.2 – 119.8

10.5 – 93.1

42.1 – 66.5

58.0 -81.4

84.9 – 119.7

Women
VL
(collapsed across
time)

44.5 – 72.1

EMG AMP = electromyographic amplitude, 1RM = one-repetition maximum, CL-10% = 10% below critical load, CL-20% = 20% below critical load.
See Table 6, Table 7, Table 8, and Table 9 for individual and composite mean (SD) values.
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APPENDIX 6. 95% Confidence Intervals for Muscle Oxygen Saturation
95% confidence intervals for percent muscle oxygen saturation (%SmO2) every 10% of total repetitions completed for loads corresponding
to 70% 1RM, 60% 1RM, 50% 1RM, CL-10%, and CL-20%, as well as collapsed values (across load) for the women and the men.
% Total
70% 1RM
60% 1RM
50% 1RM
CL-10%
CL-20%
Women
Men
Repetitions
54.5 – 63.4
52.0 – 61.6
52.3 – 69.7
57.8 – 69.6
58.2 – 67.8
55.8 – 63.4
55.8 – 68.0
Initial
49.0 – 59.0
46.1 – 55.3
44.9 – 57.9
48.4 – 58.0
45.4 – 54.4
46.6 – 56.2
47.0 – 57.6
10
38.4 – 50.2
32.3 – 42.3
28.8 – 40.8
29.3 – 38.7
25.2 – 36.6
29.5 – 38.7
32.5 – 43.9
20
27.5 – 39.3
17.8 – 28.4
15.8 – 27.6
22.6 – 33.8
20.9 – 33.1
18.9 – 27.5
23.1 – 36.7
30
17.9 – 30.1
10.5 – 26.1
10.1- 22.0
22.7 – 33.4
20.6 – 32.0
12.9 – 21.5
19.4 – 33.4
40
11.2 – 24.6
7.9 – 18.1
8.9 – 21.1
21.5 – 32.3
20.3 – 31.1
9.2 – 18.8
18.0 – 31.8
50
9.0 – 22.8
7.9 – 17.9
9.1 – 21.9
21.8 – 32.2
20.1 – 30.1
8.4 – 18.4
17.7 – 31.5
60
8.9 – 23.1
7.9 – 17.9
9.1 – 22.3
22.4 – 31.8
19.6 – 29.4
8.5 – 18.5
17.6 – 31.2
70
9.2 – 23.4
8.2 – 18.6
9.6- 23.2
22.9 – 32.5
21.7 – 30.7
9.6 – 19.8
18.2 – 31.4
80
10.0 – 24.4
9.0 – 20.0
10.7 – 24.5
23.0 – 32.6
22.6 – 31.8
10.4 – 20.8
19.1 – 32.3
90
12.7 – 27.5
11.5 – 23.1
14.2 – 27.8
24.8 – 34.6
23.1 – 32.9
13.2 – 23.2
21.2 – 34.4
100
1RM = one-repetition maximum, CL-10% = 10% below critical load, CL-20% = 20% below critical load.
See Table 10 for composite mean (SD) values.
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